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Abstract

Diel vertical migration of zooplankton has been proposed to affect global ocean
circulation to a degree comparable to physical phenomena. Almost a decade af-
ter shipboard measurements showed high kinetic energy dissipation rates in the
vicinity of migrating krill swarms, the hypothesis that biogenic mixing is relevant
to ocean dynamics and local fluid transport has remained controversial due to
the inability to directly measure the efficiency of this biological process. In situ
field measurements of individual swimming jellyfish have demonstrated large-scale
fluid transport via Darwinian drift, but it has remained an open question of how
this transport mechanism is manifested in smaller species of vertically-migrating
zooplankton that are sufficient in number to be accountable in the dynamics.
The goals of the present study are, first, to devise and implement experimental
instruments and develop methodologies to investigate this biological process in
a laboratory setting and, second, to determine whether efficient fluid transport
mechanisms become available during vertical collective motion and, if so, analyze
how energy is distributed within the flow. By leveraging the phototactic abilities
of zooplankton, a multi-laser guidance system was developed to achieve control-
lable vertical migrations of A. salina concurrently with laser velocimetry of the
surrounding flow. Measurements show that the hydrodynamic interactions be-
tween neighboring swimmers during vertical migration result in the development
of a pronounced jet opposite to animal motion. In non-stratified fluid, this hydro-
dynamic feature is shown to trigger a Kelvin-Helmholtz instability that results in
the generation of eddy-like structures with characteristic length scales much larger
than the individual size of the organisms. Experiments in a thermally stratified
water column also display the presence of a downward jet despite the strong sta-
ble stratification. Furthermore, overturning regions larger than the size of an

individual organism are observed adjacent to the migrating aggregation, suggest-
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ing an alternate energy transfer route from the small scale of individual swimmers
to significantly larger scales, at which mixing can be efficient via a Rayleigh-Taylor
instability. The computed velocity spectrum is consistent with these findings and
displays energy input at scales larger than the body length of a single swimmer.
The mixing efficiency, inferred from the spectral energy distribution with and
without stratification, matches experimentally achieved mixing efficiencies via a
Rayleigh-Taylor instability within a stable stratification. According to our find-
ings, biogenic mixing does have the potential to redistribute temperature, salinity,
and nutrients effectively. We propose the employment of laser control to examine
additional species as well as alternative oceanic environments and interrogate its

effect on the efficiency of biogenic mixing.
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Chapter 1

Introduction

1.1 Dissertation Overview

The context in which biogenic mixing was initially proposed as a potential source
for vertical ocean mixing is discussed in the following section. In addition to its
global impact, much interest exists in gauging the local impact that vertical mi-
grations of zooplankton aggregations have on nutrient and carbon transport across
the water column. There has been extensive research on these topics, and the aim
of the first half of Chapter 1 is to delineate the framework of research in biogenic
mixing, followed by an overview of the state of the art in biogenic mixing studies
and the scope and aim of the current research effort. Chapter 2 introduces the test
organism and the developed experimental techniques used to study diel vertical
migrations (DVM) in the laboratory. The experimental apparatus and laboratory
procedures were tailored to induce and control animal motion via phototaxis —a
directional response to changes in light properties. Chapter 3 focuses on charac-
terizing animal-fluid interactions during vertical collective motion. Velocimetry
data in a non-stratified fluid is presented and the energy distribution during verti-
cal migration is discussed and compared to flow visualizations in a larger domain.
These results are followed by similar experiments in stratified flow conditions and
further analysis of the expected efficiencies in Chapter 4. In an effort to bypass
the inherent difficulty of including the near-field flow of swimming organisms in
numerical models, a hybrid numerical-experimental model was developed to study
fluid transport by vertical migrations of simulated animal aggregations. Chap-

ter 5 provides insight into the design principle and results from the numerical
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experiments. This dissertation is concluded in Chapter 6, which includes a final
discussion on the results of the previous chapters and recommendations for future

investigations in this field.

1.2 Background

1.2.1 Missing Mixing Problem

The distribution of heat around the Earth occurs through the circulation of the
ocean and the atmosphere. In the ocean, this process is governed by a wide range
of fluid motions, spanning from meters to thousands of kilometers [98]. The com-
plexity of capturing these multi-scale interactions marks the main challenge of
climate modeling and has been the focus of research studies for over a century.
Taking this into account, the main focus of this introductory section is to describe

important aspects of the dynamics that occur on a global average.

The most distinctive feature of the ocean is its stable density stratification, which
impedes vertical transport of nutrients and fluid properties across isopycnals, i.e.,
surfaces of constant density. The vertical density profile divides the water column
into three main horizontal regions: the upper mixed layer, the pycnocline and
the deep ocean. Each of these zones has very distinct dynamical and biochemical
properties and their vertical extent depends on diurnal as well as seasonal and
latitudinal variations. On average, however, the mixed layer spans the region im-
mediately below the ocean surface up to a depth of 100 m or less [93]. This region
is characterized for being fairly well mixed, although small temperature variations
are still detectable. The region spanned by the pycnocline is often referred to
as the thermocline, given that density variations in the ocean are mostly due to
temperature changes and it typically extends to a depth ranging from 500 to 1000
m below the surface [93]. The steep density gradient within this zone is what im-
pedes the exchange of nutrients and properties between the mixed layer and the
ocean interior. The deep ocean is the zone below the pycnocline and comprehends
most of the oceanic water mass. In this region, density and temperature continue

to decrease gradually with depth.



On a global scale, the stability of the density gradient along with the global ocean
circulation dictates nutrient, carbon, and energy transport in the ocean. The
global overturning circulation, also known as the Meridional Overturning Circula-
tion (MOC), connects the ocean basins and transfers heat throughout the ocean.
On a global average, the MOC transports warm water from tropical to polar re-
gions, where convective processes lead to a decrease in the potential energy of
the ocean by converting these warm water masses into colder, denser fluid that
sinks deeper into the ocean. In order to complete the MOC, energy is needed to
subsequently raise the potential energy of the system against the stable density

stratification [59], [60].

Early studies have demonstrated that ocean circulation is in fact not convectively-
driven, but rather sources for vertical mixing are essential to close the loop [106].
As illustrated by Ferrari [22], one can view the ocean as a water body with pro-
gressively changing properties, namely, with cold dense water masses at the bot-
tom followed by subsequently warmer fluid layers with decreased density on top.
Thus, exchange of fluid properties across the layers is only possible through over-
turns, which occur when internal waves break. In this scenario, internal waves can
be thought of as energy-containing oscillations of those layers that produce mix-
ing across them once kinetic energy is transformed into potential energy, thereby

raising the center of mass of the ocean.

Initially, winds and tides were identified as the primary drivers for vertical trans-
port in the ocean, providing kinetic energy collectively at a rate of approximately
2 TW [59]. As described above, this influx of energy becomes available through-
out the water column as a result of intermittent internal wave generation and
breaking. An evident mismatch between vertical diffusivities deduced from field
measurements and theoretical estimates of the values needed to account for the
rate at which fluid sinks at the poles triggered a search for the sources of missing

mizing in the oceanographic community [49], [59].
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Field measurements recently showed that currents impinging on bottom topog-
raphy release energy at a rate sufficient to close the mean ocean energy budget
(~ 0.5 TW) [65]. However, the resulting vertical mixing is not uniformly dis-
tributed across the ocean depth due to the limit imposed by the density stratifica-
tion on the vertical extent to which mixing is confined. As a consequence, bottom
ocean mixing due to the roughness of ocean topography transports fluid up to
mid-depth [22]. Tt is hypothesized that fluid is then transported to the Southern
Ocean, where wind-driven processes allow further transport to the surface along
outcropping isopycnals. This new ocean mixing scheme is currently being tested
against in situ measurements, which have already shown a great variability in
mixing efficiencies depending on the roughness and flow characteristics within a

given location [74], [22].

Further research efforts have been made to better understand the return pathways
of deep-ocean fluid properties to the surface. Some of these efforts, for example,
have focused on processes occurring at the Southern Ocean, where large-scale
motions driving vertical fluid transport have been identified. Additionally, the
contribution of energetic turbulent features at the sub-mesoscale (horizontal span

of <10 km) is being investigated [38].

So far, the results from recent investigations challenge the existence of a single
additional source of missing mixing. One thing is certain, however, that vertical
mixing is an intermittent process exhibiting a complex global distribution. Spa-
tially mapping the intensity of vertical mixing and identifying the corresponding
energy source will be the next milestone towards solving the missing mizing prob-

lem [22].

1.2.2 Local Ocean Nutrient Distribution

Global nutrient distribution in the ocean is intimately related to physical and
biogeochemical processes. Locally, nutrients are unevenly distributed throughout

the water column primarily due to the negative buoyancy of most particulate or-
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ganic matter and remineralization by bacteria at depth [15]. In the near surface
region, the concentration of nutrients is limited by biological consumption if the
appropriate ratio of macromolecules such as carbon, nitrogen, and phosphorous
is available [58]. On the other hand, light absorption limits biological activity
at increasing depths, leading to an increase in nutrient concentration. In the
oxygen-depleted regions of the deep ocean, bacteria transform inorganic matter
into absorbable macromolecules, further increasing the concentration of essential
elements at depth. Nutrient replenishment near the ocean surface occurs via ter-
restrial runoff and via transport from nutrient-rich regions at depth resulting from

vertical mixing as well as upwelling [54].

The non-negligible effect of anthropogenic processes on nutrient availability in the
ocean imposes continuously varying bounds on primary production. Much focus
has been given on assessing the impact of ocean acidification on oceanic environ-
ments due to the rapid increase of carbon dioxide emissions to the atmosphere [58].
The role of swimming organisms in altering the biogeochemistry budget of local
ecosystems is an emerging interest of the scientific community given its potential
relationship to climate variability and ocean ecology [17]. DVM of zooplankton
aggregations—introduced in the following section—are hypothesized to play an

important part in both local and global ocean processes described above [31].

1.2.3 Diel Vertical Migrations of Zooplankton Aggrega-

tions

Many zooplankton species, such as krill and copepods for example, have been ob-
served to aggregate in dense groups within the water column [60]. Mostly idle at
depth, swarms migrate vertically towards shallower regions during the night and
return to deeper regions during the day. The fraction of the marine zooplankton
biomass that engages in these recurrent biological processes known as diel ver-
tical migrations (DVM) has not been precisely determined. However, an upper
and lower bound of 90% and 15% of total zooplankton biomass, respectively, have

been proposed in the literature as the fraction of migratory marine zooplankton



species [105], [32], [17].

The reasons behind DVM are not well understood, and neither are the specific
triggers for vertical motion [79]. From an ecological perspective, the energy ex-
penditure of translating hundreds of meters across the water column must be
justified by long-term benefits for the aggregation. The most evident explanation
behind DVM is its use as a response against visual predation by larger organisms.
Observations of the behavior of Daphnia (Cladocera; Crustacea) in Lake Maars-
seveen, The Netherlands support this view [24]. It was found that DVM followed
a seasonal pattern according to the development of the thermocline—the region
of maximum temperature changes with depth—in the lake. The segregation of
aquatic regions due to temperature variations across the lake resulted in nutrient
depletion at the surface as well as abundance of larger fish in upper regions, which
preferred higher temperatures. Under these conditions, DVM of Daphnia was re-
ported in contrast to the periods of time when no evident density stratification

was imposed by temperature variations in the lake.

In the ocean, DVM have been observed to occur most commonly within the upper
600 m [7], although observations have also registered events in deeper ocean re-
gions (~ 1500 m below the surface) [45], [99]. Echosounder acoustic measurements
show a correlation between the cues of sunrise and sunset and the migratory pat-
tern by marine species [79]. However, no consensus has been reached over what
triggers DVM in the ocean given that this factor alone does not explain migration
patterns of pelagic species that remain within unilluminated regions of the ocean
[99]. Tt has been suggested that in the upper ocean regions, different factors such
as light properties, temperature, pressure, nutrient availability, and chemical sig-
nals from predators have a certain degree of influence in the observed patterns
[79], [78]. In fact, recent numerical studies show a strong correlation between the
depth reached during DVM and oxygen concentration in the water column [7]. In
the case of pelagic organisms, laboratory experiments with zooplankton species

suggest the development of circadian rhythms [20].
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Zooplankton species that undergo DVM in upper ocean regions present a direc-
tional response to changes in light properties known as phototaxis [11]. This
behavioral trait was the basis of the design process in this investigation to im-
plement an apparatus and develop procedures that allow the study of the fluid
dynamics of DVM in the laboratory. As will be explained in Chapter 2, it was
found that A. salina (a species of brine shrimp) has maximum positive phototaxis
in the blue-green range of the light spectrum (450-570 nm) and a neutral response
towards red (620-750 nm). In nature, the distribution of light at the surface of
a clear water body changes throughout the day and night. At midday, for ex-
ample, all wavelengths are uniformly distributed, whereas at night transmission
of intermediate wavelengths (550-650 nm) is at a minimum [57]. Furthermore,
light absorption in a clear water body results in the suppression of longer wave-
lengths with depth [83]. Therefore, close to the ocean surface, DVM is likely to
be triggered by a sudden change in light intensity, which occurs during sunrise
and sunset, within regions that correspond to the blue-green range of the light

spectrum.

It has been hypothesized that DVM can have a substantial impact on fluid and
nutrient transport in the ocean [52], [9]. However, the resulting local and global
effects of these collective motions have not been quantified. Specifically, it remains
an open question whether DVM induce fluid transport mechanisms relevant to the
physical and biogeochemical structure of the ocean. By swimming over large ver-
tical distances, small organisms have the potential to impact naturally occurring
nutrient and density gradients within their natural environment, and thereby en-

hance biological production.

Estimates based on net primary production in the ocean indicate that marine or-
ganisms have a reservoir of chemical energy supplied by phytoplankton near the
surface at a rate of approximately 60 TW [17]. Swimming organisms that undergo
DVM thus have enough power to be relevant in large-scale mixing processes. The
question, however, is whether there exists an efficient hydrodynamic conversion

to mechanical energy that contributes to raise the potential energy of the ocean.
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Identifying the underlying fluid transport mechanisms during DVM of zooplankton
aggregations is crucial to assessing the role of swimming animals in fluid dynamic
processes in the ocean. The next section (§1.3) introduces the currently known

fluid transport mechanisms by swimming organisms: turbulent wake mixing and

induced fluid drift.

1.3 Biogenic Mixing Mechanisms

An extensive registry of DVM patterns around the globe has been obtained from
sonar readings at various depths [7]. However, the inability of determining zoo-
plankton taxa as well as the resulting flow kinematics using acoustic data has
imposed a major challenge in estimating the impact of swimming organisms in
biogeochemical and physical processes in the ocean. Currently, two main trans-
port mechanisms have been demonstrated in situ: transport in the turbulent wake
of migrating aggregations and the so-called Darwinian drift. These are illustrated
in this section, along with proposed estimates of global efficiencies of biogenic

mixing.

1.3.1 Turbulent Wake Mixing

In this mixing process, unsteady swimming by individual organisms sets fluid into
motion by generating eddy-like structures at scales comparable to the organism
appendages. This energy is expected to cascade to smaller scales until it is dissi-
pated as heat by viscosity. During this direct energy cascade, fluid properties and
nutrients can be transported on length scales commensurate with the size of the

formed eddies.

Field measurements aiming to quantify biogenic mixing with respect to back-
ground ocean levels, showed elevated rates of turbulent kinetic energy (TKE) dis-
sipation in the vicinity of a DVM of a densely-packed krill aggregation in Saanich
Inlet, British Columbia [42]. Within a span of 10 to 15 minutes, TKE dissipation
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rates increased by 3 to 4 orders of magnitude compared to background ocean tur-
bulence, reaching values of 107° to 10~* W kg~!. Furthermore, unstable density
overturns in the range of 1 to 10 m were reported during the DVM time-lapse,
suggesting enhanced vertical mixing on the same level as winds and tides. These
measurements agreed with theoretical estimates for the dissipation due to tur-
bulent wake transport [31],[17]. However, a subsequent analysis noted that high
TKE dissipation rates do not necessarily imply enhanced fluid mixing, and in or-
der to estimate the contribution of DVM in global mixing processes, a quantitative
link between the observed microscale dissipation rates and the energy distributed
within the largest overturning structures in the flow needs to be provided [43].
Thus, an important metric to determine the impact of biogenic mixing is its effi-

ciency, rather than the rate at which energy is dissipated.

As illustrated in §1.2.1, one can visualize a water column under stable density
stratification as having denser water layers at the bottom with progressively lighter
layers on top. Therefore, the center of mass of a stratified water body is lower
than that of a non-stratified one, and vertical mixing resulting in the irreversible
exchange of fluid properties between such layers will act to raise the potential
energy of the system. The mixing efficiency of a biogenic process is commonly
estimated via the flux Richardson number R, which is defined as the ratio of the
amount of energy that contributes to change the potential energy of the water
column via vertical mixing to the total amount of kinetic energy expended by a

given mixing process, e.g., turbulent mixing by swimming organisms [36]:

_|APE|

= 1.1

where A refers to the change in energy between the initial and final state of the
mixing process. The general expression in Equation 1.1 can be related to a ratio
of length scales in order to determine the scales at which biomixing processes must
introduce energy into the flow in order to achieve efficient mixing [100]. This is
done by applying Richardson’s four-thirds law to relate Ry to an eddy diffusivity
coeflicient K, where:

K~ B3 (1.2)
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where ¢ is the turbulent kinetic energy dissipation rate, L is the integral length
scale and N is the Brunt-Vaisala buoyancy frequency, which is a measure of the

stability of the stratification, defined as [69], [93]:

N=,-2% (1.4)

By combining Equations 1.2 and 1.3, the mixing coefficient I' may be expressed

Rf ~ T4/3 N?

where the last factor can be rewritten in terms of the Ozmidov buoyancy length

as:

scale, which characterizes the length scale over which density changes in the ocean

[100]:
e o

This leads to the four-thirds scaling of the mixing efficiency factor as

L\ Y3
I'= <—) L < lB
I (1.7)

'~ L>Ip,

where 7, is the maximum value of the mixing coefficient. In oceanographic flows,
Yo is often observed to be constant and reach a limit of 0.2 [100],[69],[68]. Recent
experimental work has shown that although this value is observed for induced tur-
bulence due to shear instabilities developing in stratified flows, enhanced mixing
(Ry = 0.75 and vy = 3) can result from Rayleigh-Taylor instabilities developing

between regions of stable density stratification [48].

Here, it is important to highlight that the quantity that provides a measure of

the mixing efficiency of a given physical process is given by the flux Richardson
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number Ry, which by definition is constrained to the range 0 — 1. The mixing
coefficient I' provides a means to relate the amount of energy used to raise the po-
tential energy of the water column to a commonly measured quantity, the kinetic
energy dissipated by fluid viscosity. In the literature, these two are often used
interchangeably, mainly because for shear instability between stratified layers the
critical value of Ry has been found to be between 0.15 - 0.2, which results in
I' = 0.2. However, for other instabilities such as Rayleigh-Taylor, these two vary

and, in principle, ' can attain values greater than unity [68],[87].

A consequence of Equation 1.7 is that the size of fluid structures generated by
the motion of migrating organisms must approach the Ozmidov length scale in
order for biogenic mixing to be efficient. In the ocean, the buoyancy frequency is
typically within the range of 1072 to 10™* s7! [106]. Therefore, if & spans from
107° to 107* W kg !, as has been previously reported, the associated Ozmidov
length scale ranges from 3 to 10,000 m. An early theoretical analysis, based
on the assumption that fluid motions during DVM scale according to the size
of the organisms within the aggregation, resulted in a low estimate of mixing
efficiency. Thus, the biogenic contribution to ocean mixing was deemed negligible
[100]. However, it was later found that an additional fluid transport mechanism
is available during animal locomotion: Darwinian drift [37]. As illustrated below,
large-scale fluid transport via drift could lead to higher mixing efficiencies during

DVM.

1.3.2 Darwinian Drift

As outlined above, relevance of DVM as an agent for vertical mixing in the ocean
comes down to the ability of vertically migrating aggregations to generate energetic
large-scale fluid structures, with respect to the buoyancy length scale imposed by
the stable density stratification. In situ field measurements of individual swim-
ming jellyfish demonstrated the so-called Darwinian drift mechanism that enables
organisms to transport fluid on length scales much larger than the appendage size,

and thereby achieve efficient mixing [37] (Figure 1.1).
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Figure 1.1: In situ observation of fluid transport via Darwinian drift. Flow visual-
izations with fluorescent dye demonstrated large-scale fluid transport in the wake
of a swimming jellyfish (Mastigias sp.). This image is reproduced with permission
from Katija and Dabiri [37].

This mechanism has its origins in studies of fluid transport in potential flow [14].
In this idealized case, the pressure field around a rigid object translating through
non-viscous fluid sets the surrounding fluid into motion and allows it to propagate
along with the object (see Figure 1.2). Considering a body translating across a
material surface in an unbounded fluid, Darwin calculated the total volume of
fluid being drifted to be proportional to the volume of the object itself through
its added mass coefficient. In situ observations of fluid transport via drift by
swimming organisms suggested an alternative path to efficient mixing without the
requirement of generating rotation in the flow. Furthermore, it implied that the

efficiency depends on organism shape rather than size.

Subsequent analysis in real fluid showed that the volume of fluid carried by an
object via induced drift mechanism is enhanced by viscosity [37], [18]. This sug-
gests that organisms swimming at low Reynolds number may transport fluid on
scales larger than their characteristic body size and perhaps even greater than the

Ozmidov scale, which would lead to efficient mixing. This excludes the Stokes
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Figure 1.2: Tllustration of the Darwinian drift mechanism in ideal fluid. Drawings
(a) and (b) indicate fluid particle trajectories in the reference frames of the object
and the fluid, respectively. The sketch shown in (c) illustrates the resulting drift
volume behind an object translating in a straight line across a material surface.
This image is reproduced with permission from Eames [18].

flow limit, i.e., large scale fluid transport may occur provided the organisms are

sufficiently large to swim relative to the local flow [101].

Due to the intrinsic difficulty of experimentally investigating the flow generated by
swimming organisms [108], [104], the concept of drift has been further studied via
numerical and analytical modeling of the far-field flow due to individual swimming
organisms. Initially, the first effort to estimate the relevance of the drift mecha-
nism in global ocean processes modeled the flow due to a self-propelled organism
as that of a steadily towed sphere via CFD [37]. However, further analysis, using
fundamental solutions to the Stokes equations, clarified that the far-field flow ge-

nerated by an active swimmer differs from that of a passively towed body [50],[86].

As illustrated in Figure 1.3, the former results in a momentumless wake due to
the opposed effects of thrust and drag, whereas the latter is characterized by a
momentum defect in the wake due to the unbalanced effect of drag on the body.
This distinction has important consequences regarding fluid transport in that the

volume of fluid being drifted along with the swimmer is finite and comparable
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to the volume of the swimmer itself, indicating that the contribution of biogenic

mixing is negligible to global ocean dynamics.

The apparent contradiction between the estimated fluid transport due to the far-
field of an active swimmer and in situ observations of fluid transport by a swim-
ming jellyfish suggests that in order to precisely estimate the drift volume gene-
rated by a real swimmer, both the near- and far-field flows need to be considered
in the analysis. Furthermore, it has been hypothesized that the unsteady nature of
real swimmers may also contribute to large scale fluid transport, an attribute that

is not taken into account in models based on solutions to the Stokes equations [36].
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Figure 1.3: Far-field flows of passively towed objects and self-propelled swimmers
in Stokes flow. The main difference between a passively towed object (left) and
a self-propelled swimmer (right) is the net momentum flux at the wake. The
outgoing radial force resulting from steadily translating an object through fluid
is balanced by an inflow at the wake (left). In contrast, a steady self-propelled
swimmer generates no net momentum flux at the wake due to the counter-balance
of thrust and drag across any given cross-section within the wake. This image is
reproduced with permission from Subramanian [86].

As a means to bypass the difficulty of exactly capturing the near- and far-field
hydrodynamic signatures of swimming organisms numerically, recent efforts have
implemented experimental velocimetry data of individual swimmers into numeri-
cal models of animal migration (see Chapter 5 and the simultaneously but inde-

pendently developed tool by [35]). This approach takes full swimming cycles of
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the measured velocity field due to an individual swimmer as building blocks to
artificially simulate fluid transport due to vertical animal migration. Numerical
experiments using jellyfish with and without oral arms indicated the non-negligible
effect of animal morphology on the drift volume and its effect on the near-field flow
of the swimming organism [35]. Use of this experimental-numerical tool emerges
as an inexpensive numerical alternative to address the effects of animal morphol-
ogy, unsteady propulsion, and swimming mode on fluid transport by individual

swimming organisms.

1.3.3 Implications of Collective Animal Motion

The numerical studies mentioned in Section 1.3.2 have focused on estimating fluid
transport induced by individual swimmers. It remains an open question of how
turbulent wake transport and induced drift are affected by the presence of mul-
tiple swimming organisms migrating in close proximity, as occurs during DVM.
It is possible that additional mixing mechanisms become relevant during vertical

collective motion, as in bioconvection [29],[39].

The first study to integrate the effect of hydrodynamic interactions between mul-
tiple swimmers during DVM on studies of biogenic fluid transport, simulated ver-
tical migrations of self-propelled swimmers by using potential flow solutions of
translating rigid spheres resulting in a momentum-less wake [12]. This simplified
model suggests that vertical transport in a stably stratified fluid depends on the
arrangement of the swimmers within the group. Thus, even in the presence of
restoring effects by buoyancy, the amount of fluid being drifted by an aggregation
of self-propelled swimmers is larger than that of an individual organism. Other
factors such as the organism swimming mode and the number density of animals

within the aggregations are anticipated to affect fluid transport as well.

Further efforts have been made to obtain field measurements that encompass in
situ animal behavior as well as ambient ocean conditions. However, direct ship-

board measurements rely on the fortuitous presence of migrating zooplankton, and
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such observations have proven difficult to repeat ([80], and see response by Rip-
peth et al. to [42]). Laboratory experiments are a potential alternative method to
analyze biogenic mixing in controlled environments. In fact, experimental investi-
gations involving aggregations of small swimmers have been reported in the past,
but these efforts have been aimed at analyzing vital functions, such as swarming

and feeding (see [24] ,[26] for example), rather than transport and mixing.

The present investigation constitutes one of the first attempts to quantify animal-
fluid interactions during DVM in the laboratory within the context of biogenic
mixing. Throughout the course of this investigation, a similar study was indepen-
dently done by Lorke et al. ([66],[67]). The successful implementation of particle
tracking, along with particle image velocimetry (PIV) and planar laser-induced
fluorescence (PLIF) measurement techniques allowed tracking of the trajectory of
individual swimmers, while simultaneously acquiring velocity data and concen-
tration changes of fluorescent dye within a two-dimensional plane in the central
region of a water tank. Yet, the difficulty of controlling animal motion in the labo-
ratory setup challenged the study of collective motion as occurs during DVM. As
a result, hydrodynamic effects due to collective motion were not observed and the
estimated mixing efficiencies were low, yielding negligible estimated contributions

of biogenic mixing to vertical ocean mixing.

1.3.4 Notes on Current Efficiency Estimates

At the most fundamental level, mixing can be understood as the progression of
two main processes: dispersion and diffusion [93]. The former, also referred to as
stirring, strains the fluid by driving initially neighboring fluid particles apart. This
results in enhanced concentration gradients that are reduced and irreversibly elim-
inated by molecular diffusion. The lack of a general theory of mixing has resulted
in application-specific measures to estimate the efficiency of any given process. In
the case of biogenic mixing, this ambiguity has generated an ongoing discussion
regarding the suitable assumptions to estimate the efficiency of a biogenic mixing

process that incorporates the action of property advection as well as diffusion.
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As discussed in Section 1.3.2, the in situ demonstration of large scale fluid trans-
port via drift with respect to the Ozmidov buoyancy length scale suggests the
non-negligible contribution of swimming organisms to vertical ocean mixing. This
result was extrapolated to estimate the total mixing power produced via drift,
based on momentum conservation alone [37]. The resulting estimate indicates
that the contribution of biogenic mixing via drift to vertical ocean mixing is of the
same order of magnitude as that of physical ocean drivers, such as winds and tides.
Subsequent studies have questioned the validity of this approach, which relies on
the assumption that the concentration gradients imposed by the achieved large

scale fluid transport are ultimately diffused at small scales via molecular diffusion.

The first study on biogenic mixing to include the effect of molecular diffusion in
the analysis, claimed that processes at the molecular level inhibit large scale fluid
transport via drift during DVM [41]. By estimating the effective diffusivity due
to biogenic mixing from a scaling analysis of momentum conservation as well as
of the balance of advection-diffusion for a conserved property, it was shown that
diffusion short-circuits large scale transport. However, the model was based on the
assumption that vertical collective motion during DVM results in fluid structures
comparable to the size of the individual swimmers within an aggregation. Thus, as
expected, the resulting vertical diffusivity was much lower than previous estimates
[41]. Furthermore, recent experimental studies support the notion that estimates
of mixing efficiency need to include molecular diffusive properties of scalars in the
analysis explicitly, rather than inferring the efficiency solely based on a momentum
analysis of the flow field. The argument is that momentum-derived quantities only
account for the first stage of mixing, i.e., dispersion, leaving out processes at the
molecular level. However, it is not evident that the low values of mixing efficiency
obtained using this mixing parameterization approach are fully attributable to the
inclusion of molecular diffusivity, given that vertical collective motion appeared to

be ineffective during the experiments [67].

Another point of contention was raised by the possibility that the fluid being
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drifted during vertical migration would eventually restratify before irreversible
mixing is achieved via molecular diffusion [36]. The inability to gather large data
sets on the field has challenged direct evaluation of this scenario. However, re-
cent numerical analysis of towed bodies in Stokes and potential flow (a lower and
upper bound of fluid transport via drift, respectively) hint at the possibility that
additional mixing mechanisms, that act to homogenize scalar gradients resulting

from large-scale transport via drift, are necessary for irreversible mixing to occur

[35).

These issues motivate future research efforts to study fluid transport and mixing
due to vertical collective motion of small swimming organisms. It is hypothesized
that the near-field flow interactions between neighboring swimmers within an ag-
gregation will result in an increase in the amount of fluid being drifted, ultimately
enhancing vertical fluid mixing. Moreover, additional parameters related to the
environment in which DVM occur, such as the non-quiescent nature of background
fluid motions in the ocean, must be included in the analysis in order to correctly

evaluate the contribution of swimming organisms to vertical ocean mixing.

1.4 Research Objectives

The main goal of this investigation is to develop new experimental and analytical
tools to study biogenic transport and induced mixing by the vertical collective
motion of small swimming organisms. Extrapolation of field observations of Dar-
winian drift acting at the scale of individual swimmers to estimate the effect of
neighboring organisms during collective motion is not evident, and direct evalua-
tion of the flow during DVM is needed to appraise the contribution of this process
to vertical ocean mixing. For this purpose, the first objective of this investiga-
tion is to develop an experimental system, laboratory protocols, and measurement
techniques for achieving DVM on-demand in a controlled laboratory setup. The
apparatus and laboratory methodologies are to be designed according to a com-

mon behavioral trait among zooplankton species that undergo DVM, known as
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phototaxis. The aim is thus to trigger unidirectional group migration by leveraging
this behavioral response to a specific range of wavelengths of light. The successful
implementation of this technique will not only facilitate the present investigation,
but will also provide a tool to explore the effect of different fluid regimes on bio-
genic mixing by DVM in future studies, such as background turbulence or double

diffusion.

The scope of this investigation is to quantify the energetics of the flow during
DVM in increasingly complex scenarios, from non-stratified to stratified media, to
analyze fluid transport during DVM and to estimate the efficiency of the induced
mixing. The former scenario of fluid transport in non-stratified fluid is addressed
in an effort to identify the fundamental fluid transport mechanisms that occur
during biogenic mixing due to DVM. The objective is to identify the fluid trans-
port processes that emerge from collective vertical migrations of small zooplankton
species and to determine the length scales at which the mechanical energy is input
to the fluid during DVM. This activity will elucidate whether collective motion of
small swimmers in fact results in larger scale fluid structures, a notion that has

been demonstrated to be intimately related to biogenic mixing efficiency [100].

Further investigation of this biological process in stratified fluid is necessary to
address the effect of buoyancy on vertical fluid advection. Theoretical studies of
small swimming organisms in stratified flows within the low Reynolds number limit
(Re<< 1) have illustrated the suppression of vertical fluid transport by density
stratification [4]. However, experimental studies analyzing the wake of individual
organisms have demonstrated that even in the presence of a strong stable stratifi-
cation, non-negligible vertical fluid transport is still achieved [104]. To study the
effect of buoyancy on fluid transport and mixing due to DVM, additional labo-
ratory procedures are to be designed and implemented, such that linear density
stratification in the test tank is achieved. Given that the density stratification in
the ocean is mostly due to temperature variations except in high latitude regions,
a reasonable approach is to impose a linear temperature gradient while main-

taining the salinity concentration constant. Comparison of the resulting energy
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distribution in this case with that occurring under no stratification will allow the

evaluation of the mixing efficiency due to DVM.

Finally, the last objective of this investigation is to evaluate the effect of addi-
tional parameters that are inherently difficult to isolate in experimental studies
via a numerical analysis. Given the disagreement of numerical studies neglect-
ing the near-field flow of swimming organisms with experimental observations,
the approach is to form virtual aggregations from experimental velocimetry data
of a single swimmer. In this sense, the effect of animal configuration within an
aggregation on fluid transport, for example, can be directly evaluated. Recent
independent efforts by Katija ([35]) analyze fluid drift under a similar approach.
The extent of her analysis agrees with the premise of this investigation that use
of this numero-experimental tool provides new means to analyze fluid transport

during vertical migration in a non-expensive manner.
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Chapter 2

Experimental Methods

2.1 Introduction

The key element to consider in order to induce collective animal motion in a la-
boratory setting is how organisms react to specific stimuli underwater. In the
wild, various zooplankton species acquire information regarding changes of light
and relate it to their vertical position with respect to the ocean surface. This
cue is thought to trigger animal migration to regions tagged with a specific wave-
length whenever a dramatic change in intensity occurs, i.e., at sunrise and sunset
([57]). As described in this chapter, an experimental setup was designed and
implemented that stimulates this reaction—known as phototaxis—and induces
vertical collective motion by using light sources that match this criteria. In §2.2,
a description of the model organism and the behavioral tests done to characterize
ranges of maximum response are presented. The experimental apparatus is illus-
trated in §2.3, and the laboratory methodologies used to perform the experiments

are outlined in §2.4.

2.2 Test Organism

Artemia salina (Linnaeus, 1758) was used as a model organism for the experi-
ments described in Chapters 2, 3, and 4. It should be noted that this arthropod,
which is a species of brine shrimp, is commonly found in coastal and inland water
bodies, such as salt lakes and lagoons, and although observations of these crea-

tures have been reported in open sea, they are not prone to survive in oceanic
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environments ([47], [21]). Nonetheless, use of this crustacean facilitates studies of
collective motion of oceanic species in controlled laboratory environments, given

its behavioral response to light and remarkable resilience.

As illustrated in Figure 2.1, the dormant cyst of A. salina hatches into a nauplius
larva and grows to juvenile and adult stages reaching up to 15 mm in length.
This cycle includes a series of 15 stages separated by molting periods in which
the exoskeleton is replaced. The biggest transition, however, occurs between the
larval and post-larval instars given the drastic variation in morphology as well as
swimming and feeding mechanisms. At the initial developmental stages, organ-
isms use their antennae for propulsion and feeding, whereas juveniles and adults
employ their developed limbs, also known as thoracopods. A. salina feeds via
non-selective filtering of particles through its thoracopods, with exception of the
first larval stage ([97], [1]). Two-week old juveniles (Mariculture Tech. Intl.) with
body length of approximately 5 mm were used in all experiments (bottom left part
of the diagram on Figure 2.2). At this stage, organisms have developed 11 pairs

of legs and swim by beating their appendages in a metachronal wave.

Similar to various species of small marine organisms, A. salina has evolved a di-
rectional response to light as a defense mechanism against predators ([26]). This
behavioral reaction is known as phototaxis and, as explained in Chapter 1, it is
one of the cues for diel vertical migrations of zooplankton in the ocean. By sens-
ing gradients in light color and intensity, small organisms are able to migrate to
greater depths during the day to avoid visual predation by larger fish, and return
to shallower waters at night to graze ([24]). A description of the characterization

of this photobehavior in A. salina is presented below.
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Figure 2.1: Life cycle of A. salina. Embryos are deposited inside cysts, where they
can survive for many years during adverse environmental conditions. If tempera-
ture, salinity, and oxygen levels are favorable, the embryo starts developing and
hatching occurs. Nauplii consist of a single eye, an undeveloped trunk, and a set
of antennae, which they use for propulsion and feeding. Juveniles and adults have
two compound eyes, a digestive tract, sensorial antennae and 11 pairs of functional
limbs. This image was taken from [97].
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Figure 2.2: Snapshots of a two-week old juvenile A. salina. (a) The organism was seized using a pipette and positioned on top of a
ruler (SI units) by releasing a droplet of the sampled water. (b) Time series showing the power and the recovery strokes that form the
metachronal wave of a two-week old A. salina. The complete cycle ranges from t/T = 0 to /T = 1, where time ¢ is measured from the
beginning of the swimming cycle and T is duration of the swimming cycle. The direction of appendage motion is indicated by the gray

arrows at the beginning of each stroke.
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2.2.1 Assessment of Phototactic Response

Following methods in the literature [70], the phototactic behavior of A. salina was
evaluated by systematically testing different wavelengths of light to identify ranges
of maximum positive response. For this purpose, decapsulated eggs (Cabrillo Ma-
rine Aquarium, San Pedro, CA) were hatched in the laboratory and raised to 48

hours old.

The photobehavioral tests were performed using a 7520 beam lm spotlight (Source
Four 405-1). A series of gel filters mounted in front of the spotlight was used to
span the visible light spectrum. The nauplii were observed to be positively photo-
tactic to the blue-green portion of the color spectrum and neutral in their response
to red. Furthermore, by comparing the nauplii distribution with respect to the
light source position, it was observed that the strongest positive attraction oc-
curred for wavelengths ranging from 420 nm to 500 nm. Past these maxima in
directional behavior, the phototactic response was found to decrease along the
green region up to the red portion of the visible light spectrum, where animals
were found to be impartial to the stimulus. Further tests with lab-grown juve-
niles and adults showed that the strength of the directional response decreased as
animals aged, but remained constant within the duration of each life cycle stage
(one to three weeks for juveniles). Nonetheless, the range of wavelengths for which

attraction occurred remained constant throughout the life cycle.

With the exception of the aforementioned tests, experiments were done using
industrially harvested organisms (Mariculture Tech Intl). Constant phototactic
response was ensured by performing the experiments within 48 hours of animal

delivery.
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2.3 Experimental Setup

Based on the results of §2.2.1, an experimental apparatus was developed to (1) in-
duce and control the collective vertical motion of A. salina in the laboratory, and
(2) quantify the generated flow field via a two-dimensional velocimetry technique.
Experiments were performed in increasingly complex scenarios from non-stratifed
to stably stratified environments, for which additional systems were incorporated
in the apparatus. The core of the experimental setup is presented in §2.3.1, which
is essential to achieve point (1) in a non-stratified fluid, whereas §2.3.2 details the

additional systems to study this process under a stable density stratification.

2.3.1 Laser-guidance System

As shown in Figure 2.3, the experimental setup consists of a 1.2 m H x 0.53 m
W x 0.53 m L acrylic tank and a newly developed three-laser guidance system
that artificially stimulates animal migration while allowing for two-dimensional ve-
locimetry measurements. The dimensions of the container were sufficiently large

to avoid wall effects.

Collective animal motion was triggered and controlled by means of luminescent
signals from a 2 W, 447 nm (blue) laser and a 1 W, 532 nm (green) laser. The
blue laser beam functioned as a cue for vertical migration to the aggregation, given
that its intensity and wavelength matched the range of maximum positive pho-
totaxis. This laser was mounted on a custom vertical traverse (Parker Hannifin)
that controlled the position and vertical speed of the beam via a software interface

(ACR-View 6).

The introduction of a second light stimulus was needed to position the migrat-
ing aggregation within the central region of the tank as well as constrain animal
motion within a two-dimensional plane, thus allowing two-dimensional PIV mea-
surements. As the blue laser beam penetrated one of the side walls of the tank,

the reflection of the light on the plexiglass produced a bright spot on the surface,
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Figure 2.3: Laser guidance system for induction and control of vertical migrations
of plankton aggregations. (a) The setup consists of a 447 nm laser (1) that gener-
ates a horizontal blue laser beam (2), which is aligned with a vertical green laser
sheet (3), generated by a 532 nm laser (4) and a -25 mm focal length cylindrical
lens (5), and introduced from above the tank. A vertical, red laser sheet (6) is
introduced from the side of the tank and is produced using a 635 nm laser (7)
and a -3.9 mm focal length cylindrical lens (8). PIV measurements are recorded
within the overlap region (9). (b) Photo of the setup during a migration event,
after the 447 nm laser has completed its vertical traverse of the tank. The image
was captured at an angle, producing duplicate reflections of the lasers in the two
visible sides of the tank.

which resulted in animal aggregation directly by the wall. Thus, even though the
blue light stimulus resulted in vertical collective motion by itself, a second signal
was needed to center the position of the organisms during vertical migration. The
introduction of a vertical green laser sheet from above created a brighter region at
the center of the column, resulting from the alignment of the green laser sheet with
the blue laser beam. This combination of light signals ensured that the organ-
isms swam vertically in the center of the tank. Moreover, the width of the green
laser sheet (i.e., its horizontal span) determined the inter-organism spacing due
to the behavioral preference of the organisms to swim within regions illuminated
by stimuli triggering positive phototaxis. In this way, the organisms aggregated

within the planar section inscribed by the green laser sheet and migrated following
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the steady vertical motion of the blue laser beam. Furthermore, minimal sheet

divergence resulted in constant animal spacing with height.

The resulting three-dimensional flow was measured within the two-dimensional
plane shown in Figure 2.3 via particle image velocimetry (PIV). For this purpose,
a horizontal laser sheet was generated by a 1 W, 635 nm (red) laser and aligned
with the green laser sheet. The neutral behavior of the organisms toward the
red portion of the light spectrum allowed for non-intrusive measurements of the

velocity field during animal migration.

2.3.2 Stratification and Temperature Profiling Systems

In the ocean, vertical nutrient transport and mixing are restricted by the presence
of a stable density stratification. Therefore, to evaluate the effect of buoyancy on
the observed fluid transport due to the vertically migrating aggregation was of
interest to this investigation. For this purpose, additional systems were designed
and implemented to thermally stratify the water column within the laser-guidance

setup described in §2.3, and track the imposed temperature gradient over time.

The thermal stratification system consists of a total of eight electronic titanium
water heaters with integrated temperature control (Azoo, 500 W), which are posi-
tioned with suction cups in two of the walls of the water tank as shown in Figure
2.4. On the back side of the tank, five heaters are arranged with a distance of 22.86
cm (9 in) in between them and set to progressively decreasing temperatures from
top to bottom of the tank (Table 2.1). On the opposite side, only three heaters
are placed within matching vertical positions of the back wall array in order not

to block the field of view of the camera.

As detailed in §2.4, the developed methodology to set up a stable density strat-
ification involves the continuous tracking of the generated temperature gradient.
Inspired by field measurements using optical fiber cable to characterize the density
profile of an oceanic cross-section, a temperature profiler was designed and assem-

bled. The instrument consists of an array of ten waterproof digital temperature
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Figure 2.4: Fluid stratification and temperature profiling systems. The thermal
stratification system consists of an array of equidistant water heaters set to pro-
gressively decreasing temperatures (1-8). The temperature at the center of the
water column is continuously tracked via a temperature profiler consisting of 10
temperature sensors vertically spanning the water column. The side (a), front (b),
and back (c) views of the integrated setup are shown, where unlabeled components
can be identified in Figure 2.3.

probes (Dallas DS18B20) mounted on a rigid plastic rod and a computer inter-
face, thus allowing pointwise temperature measurements every 12.5 mm along the
vertical axis. As shown in Figure 2.4, the device was offset by 2.54 cm (1 in) from
the center of the tank to avoid overlap with the laser-illuminated regions of the

water column.

Heater Number Temperature (°F) Temperature (°C)

1 78 25.5
2,6 76 24.4
3 74 23.3
4 72 22.2
5,7 70 21.1
8 68 20.0

Table 2.1: Temperature setting of fluid stratification system. An equidistant array
of eight heaters was set to progressively decreasing temperatures from top to
bottom of the water column as shown in Figure 2.4. The temperature in each
heater was set in degrees Fahrenheit as specified.

Temperature Profiler Description

The temperature profiler consists of an array of ten digital thermometers (Dallas

DS18B20) installed along one side of a hollow rectangular acrylic rod (2.54 c¢cm
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by side), and an open-source electronics platform (Arduino Uno), which is linked
to the computer. The benefit of using this customized instrument rather than a
vertically translating probe is the ability to acquire measurements across various

vertical positions simultaneously without disturbing the flow field.

The device was designed to use the transistor DS18B20 because each sensor has
a unique serial number encoded, making it a simple task to identify the data sent
from each digital probe in a given array. Each probe comprises a 7 mm in diame-
ter and 26 mm long sealed capsule, containing the transistor, attached to a 1.3 m
cable. The sensor has an operational temperature range between -55 °C and 125
°C, with an accuracy of £0.5°C from -10 °C to 85 °C, and a configurable resolution

from 9 to 12 bits with a maximum response time of 750 ms.

The digital address of each sensor was identified prior to assembly and each sen-
sor was positioned accordingly along the plastic shaft, which was drilled on one
side to hold each sensor in place. The set of probes were then connected to a
single digital signal bus of the microprocessor through a simple electronic circuit.
The Arduino board and software, combined with the serial board terminal ap-
plication CoolTerm, were used as an interface to acquire temperature data from
the electronic thermometers at any given time. The wiring diagram used to read
the individual sensor addresses and gather data from the temperature sensors is

provided in Appendix A.

Validation of Sensor Calibration

The factory calibration of each sensor in the temperature profiler was validated
by setting the water column to a constant temperature and comparing the ac-
quired measurements with that of an alcohol thermometer. Two submersible wa-
ter pumps (Taam Rio) were introduced inside the tank before and during data
acquisition to ensure a uniform temperature distribution throughout the water

column.
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Four verification tests were performed with a total of five temperature measure-
ments, recorded in five minute intervals. As expected, all sensors featured a narrow
standard deviation for the range of temperatures tested. Yet, as shown in Figure
2.5, a systematic error exceeding measurement precision in the temperature mea-

surements of two sensors was revealed (sensors 4 and 7, counting from the bottom).
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Figure 2.5: Validation Measurements of Temperature Sensor Calibration. Four
validation tests with the water column at temperatures 20°C, 22°C, 24°C, and
26°C are presented. The blue circles indicate the mean temperature measurement
resulting from 5 acquisitions at that temperature and the light blue shaded re-
gion shows the standard deviation. The black dots connected with the black line
indicate the corrected temperature values. The red shaded regions mark sensor
measurement accuracy.

To correct for this measurement error, a correction constant («)) was calculated
for each sensor according to:
oy =< T4 — Ty >
o (2.1)
ar =<T7; =Ty >,
where a4 and a7 are the correction constants for sensors at heights 0.4 m and
0.8 m, respectively, Ty and T correspond to the temporal mean value acquired
at a specific temperature for the corresponding sensor, T}, corresponds to the

temperature reading from the alcohol thermometer and the angle brackets refer
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to an ensemble average, i.e., the average over the four tested temperatures. By
using the estimated correction constants, the temperature readings lay within the
permissible accuracy of the transistor (Figure 2.5). The temperature measure-
ments presented in future chapters were corrected applying this procedure after
acquisition:

Tey =T, —«

4 4 4 (2.2)

Ter =17 —aq

where T'c4 and T'c; indicate the corrected temperature values, and T and 7% stand

for the acquired temperature measurements of sensors 4 and 7.

2.3.3 Implementation of Particle Image Velocimetry Tech-
nique

Two-dimensional particle image velocimetry (PIV) was used to obtain instanta-
neous velocity field measurements during vertical animal migration. Measure-
ments were recorded at 250 fps within the 2.8 x 2.8 cm? field of view at the center
of the water tank (Figure 2.3) to ensure sufficient temporal as well as spatial
resolution to analyze animal-fluid interactions during vertical migration correctly.
This standard velocimetry technique calculates the velocity of the flow from the
displacement of particle tracers within an illuminated plane over time and consists

of three main components:

e Particle tracers: The flow was seeded with 13 pm silver-coated hollow
glass spheres (Potters Industries Inc.). Owing to their neutrally buoyant
nature in the test fluid, their displacement within the illuminated region
of the test tank allowed the measurement of the velocity in a non-intrusive

manner.

e Light source and optics: A continuous red collimated diode laser (1 W,
635 nm) and a plano-concave cylindrical lens (-3.9 mm focal length) were
used to illuminate a plane at the center of the tank. The wavelength of the

laser was chosen to match the range of neutral animal behavior.
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e Digital camera: A high-speed digital camera (Photron Ultima APX-RS)
was used to acquire high definition images during animal migration. High
spatial resolution measurements were attained by using a telephoto micro-
focus lens (Nikkor 105mm f/2.8) and an extension tube (PK-13 27.5mm).
The scattered light from the particle tracers was isolated from the laser-

guidance system light sources by using a narrow bandpass filter (660 nm

CWL, 10 nm bandpass).

2.3.4 Data Preparation Process

Raw PIV images were processed using a commercial code (DaVis 9, LaVision
GmbH). The algorithm is based on dividing each image into smaller interroga-
tion areas and cross-correlating each one of these sub-regions, pixel by pixel, over
two consecutive frames to estimate the velocity at that position. The correlation
of each interrogation area yields a signal peak, which corresponds to the mean
particle displacement. Dividing the calculated displacement by the time between
frames results in a velocity vector map over the entire image. A time series of
velocity field maps is obtained by repeating this process over the entire set of ac-

quired images.

In all experimental sets, the velocity fields were computed by cross-correlating
image pairs separated by At = 0.06 s. Image interrogation was conducted by it-
erating twice with a multi-pass method of decreasing window size from 64 x 64 to
32 x 32 with a 50% overlap. This resulted in a 65 x 64 velocity field with a spatial
separation of 0.4 mm between velocity vectors. Post-processing was accomplished
by applying a universal outlier detection test at the end of the routine. No filters
were applied to mask the shape of the organisms, under the assumption of a no-

slip boundary condition at the body.
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2.4 Laboratory Procedures

The methodology employed to induce and control animal migration in the water
tank is introduced in §2.4.1. This procedure was used independent of the proper-
ties of the fluid inside the tank, i.e., regardless of whether its density was constant
or linearly stratified. In §2.4.2, the process to thermally stratify the water column

is described.

All experiments were conducted in 15 ppt artificial seawater, pre-mixed with PIV
tracers. Each batch of half-sized A. salina was shipped in a single plastic bag (Mar-
iculture Tech Intl). Prior to each test, the organisms were equally distributed in
two aerated glass beakers (2 L total volume) with a low flow rate and water salin-
ity to match the conditions in the test tank. After this acclimatization process,
test organisms (6500 £4800) were drained from one of the glass beakers and intro-
duced at the top of the tank using a fine mesh fish net. The number of organisms
used in a given experimental test was determined by drawing five samples of 25
ml of solution from the beaker and counting the number of organisms within the
sample. According to our provider, each batch of half-sized brine shrimp contains
~ 15,500 organisms, which would result in ~ 7750 used organisms in each test,

which is within the obtained organism range.

2.4.1 Procedures for Experiments in a Non-stratified Fluid

Once the organisms were transferred into the tank with the laboratory lights
turned off, the blue laser was positioned at the bottom of the water tank and
subsequently activated. The organisms swam downward in phototactic response,
gathering around the blue laser beam (Figure 2.6a). Reflection of the incoming
blue laser beam at the edge of the water tank resulted in greater animal con-
centration at the wall. Once the organisms were distributed around the blue
laser beam, the green laser was activated, generating a narrow vertical green laser
sheet. Simultaneously, the blue laser beam was momentarily deactivated, in order

to induce horizontal animal motion towards the green laser sheet in the center
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of the tank (i.e., away from the brightest portion of the blue beam at the wall).
As the organisms were evenly distributed at the center of the water column, the
blue laser beam was reactivated and set to translate upward at 1 cm/s (Figure
2.6b). A microcontroller (Acrobotic Industries) mounted on the vertical traverse
and located at the initial position of the blue laser triggered a high-speed camera
(Photron Ultima APX-RS), which was oriented perpendicular to the plane to be
illuminated by the red laser sheet. The red laser was then turned on to generate

a continuous red laser sheet.

Following this scheme, three sets of measurements were obtained by triggering
the camera according to three time delays (1, = 0's, 7, = 47 s, and 73 = 67
s), corresponding to different stages of the migration. The first delay captured
measurements of the flow conditions in the tank prior to vertical migration, as the
organisms gathered within the blue beam at the bottom of the container (Figure
2.6a). Once this control data set was gathered, measurements were collected for
either the second or third time delay, corresponding to the beginning or middle
of the migration, respectively. The beginning and middle of the migration were
defined to start when the first organisms in the aggregation reached approximately
1/2 and 3/4 of the height of the tank, respectively (Figures 2.6¢ & 2.6d). A total
of 10 vertical migrations were measured: five recorded for the second delay and
five for the third delay, each with a corresponding control measurement at the first

time delay.

2.4.2 Procedures for Experiments in a Linearly Stratified

Fluid

For this series of experiments, thermal stratification of the water column is set
prior to transferring the organisms inside the water tank, mainly due to the long
time span of this process. Even though the animals survive inside the tank for
over 24 hours, such a drastic reduction in oxygen levels might alter swimming

performance.
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Figure 2.6: Experimental procedure. Prior to triggering vertical motion, measure-
ments were taken with the aggregation distributed around the blue beam at the
bottom of the tank (a). Subsequently, vertical motion was triggered by activating
the green laser sheet and translating the blue beam upwards (b). Measurements
were taken for two different stages in the migration: the stage referred to as the
beginning of the migration occurred when the first organisms in the aggregation
reached 1/2 of the height of the tank (c), whereas the middle of the migration was
determined to occur when the first migrating organisms reached 3/4 of the height
of the tank (d). Labeled components correspond to the ones introduced in Figure
2.3.

Prior to switching on the heaters inside the water tank, the temperature pro-
filer is activated and set to gather temperature measurements every 5 minutes.
Fluid properties inside the tank are corroborated to match room temperature and
a salinity of 15 ppt by using the temperature profiler and a hydrometer. FEach
heater is then sequentially activated from top to bottom, as shown in Figures 2.7

and 2.8, according to the temperatures in Table 2.1.
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Simultaneous activation of the water heaters, regardless of the temperature set-
ting, generates convection-driven flow inside the tank, resulting in a non-linear
temperature gradient. This is avoided by increasing the water temperature slowly
from top to bottom. By acquiring temperature measurements continuously across
the water column, the temperature gradient can be resolved at any given time.
Once the temperature in the top region of the heater that is to be triggered has
reached a higher value than the lower region, the element is activated. Momentary
deactivation of each unit is automatically set off by the automatic temperature

control within each heating device.

The serial process described above lasts an average of 6 hours. Once the strati-
fication is within the permissible range, which is determined by the accuracy of
the temperature sensors of £0.5 °C, the animals are introduced into the tank and
the experiments are performed according to the procedures described in Section
2.3.1. All heating units are switched off after the animals have gathered at the bot-

tom of the column around the blue laser beam and before starting the experiment.

Similarly to the non-stratified experimental set, measurements were obtained by
triggering the camera to a given time delay. In this case, measurements were col-
lected for the first and third time delay (1, = 0 s and 75 = 67 s). This corresponds
to the stages at which the organisms have gathered within the blue beam at the
bottom of the container, and when the first organisms to migrate have reached
approximately 3/4 of the height of the water column, respectively. A total of two
vertical migrations were measured, each with its corresponding control measure-

ment at the first time delay.
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Figure 2.7: Thermal stratification of the water column: Part (a).
lustrations depicting the first-half of the thermal stratification process. Heaters
labeled on the left-hand side of the water column are positioned at the back wall
and those labeled on the right-hand side at the front wall of the tank. The red
shadowed regions in all (b) parts indicate the final permissible temperature range.
Heater 1 is the first to be activated (1a), which raises the temperature of the up-
per region of the water column (2a). Heaters 2 and 6 are subsequently triggered
(2a), resulting in the temperature gradient shown in (2b). Heater 3 is turned on
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afterwards (3a), warming up the upper half of the water column (3b).
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Figure 2.8: Thermal stratification of the water column: Part (b). Series of illus-
trations depicting the second-half of the thermal stratification process. Heaters
labeled on the left-hand side of the water column are positioned at the back wall
and those labeled on the right-hand side at the front wall of the tank. The red
shadowed regions in all (b) parts indicate the final permissible temperature range.
Once the temperature above heater 4 has shifted above room temperature, this
unit is switched on (la), producing the profile in (1b). Similarly, heaters 5 and 7
(2a) as well as 8 (3a) are activated, resulting in (2b) and (3b), respectively.
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Chapter 3

Animal-fluid Interactions During
Vertical Collective Motion

3.1 Introduction

As discussed in Chapter 1, transport by the turbulent wake of swimming organisms
and Darwinian drift are the two known mechanisms for fluid transport relevant
during DVM. Estimates of their mixing efficiency have been proposed based on
microstructure data during vertical migration in the field as well as on in situ
observations of single swimmers, yielding different conclusions (see [100] & [37], for
example). This discrepancy results from assumptions based on two yet unanswered

questions:

e can small self-propelled swimmers migrating collectively across the ocean
stable stratification create fluid structures larger than the cut-off for vertical

density overturns known as the Ozmidov buoyancy length scale? And

e how does the observed Darwinian drift develop within migrating groups of

smaller species of zooplankton that undergo DVM?

Even though it has been argued that swimming organisms cannot generate fluid
structures larger than their own body length [100], it has been experimentally
demonstrated that small self-propelled marine organisms such as krill, for exam-
ple, are able to generate hydrodynamic trails larger than themselves [108], [104].
Furthermore, reports indicating the existence of regions of large overturns (1 — 10

m) in the vicinity of a migrating dense krill swarm in Saanich Inlet, British Colom-
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bia have received little to no attention [42], [43]. How it is that swarms of small
organisms are able to form these large unstable regions has not been addressed.
Furthermore, the disconnect between the energy distribution within these scales
and the measured energy dissipation at the microscale has resulted in the subse-

quent disregard of this fact in the literature.

In this chapter, fluid transport due to the vertical migration of A. salina in a
non-stratified medium is investigated in an effort to identify the fundamental fluid
transport mechanisms that occur during DVM. The main objectives are to identify
transport processes that emerge from the vertical migration of small zooplankton
aggregations and to determine the length scales at which mechanical energy is
introduced into the flow. At the beginning of the chapter, the resulting flow field
is discussed in terms of local fluid transport in the near-field of swimming organ-
isms (§3.2) as well as the far-field signature of the entire aggregation (§3.3). The
energy distribution within resulting fluid structures is discussed in §3.4 followed
by observations of large-scale coherent structures in the vicinity of the migrating

aggregation in §3.5. Finally, a brief discussion is provided in §3.6.

3.2 Local Fluid Transport

As shown in §2.2, A. salina propels itself forward by rowing its eleven pairs of de-
veloped limbs. Similarly to many other species of crustaceans that undergo DVM,
appendage coordination results in a metachronal wave-like motion. The simplest
example of a metachronal wave is the Mexican wave that commonly takes place
during a soccer match. Likewise, organisms beat their appendage pairs periodi-
cally such that the motion of a given pair during a stroke has a phase-lag with its
neighboring limbs. Once the appendages in the anterior part of the body of the
organism have completed the stroke, the legs at the posterior begin a new stroke.
As a result, the organism is able to swim faster and efficiently compared to propul-
sion via synchronous motion of all appendage pairs [3]. Different gaits have been

identified for a single species—such as cruising, hovering, and escape—depending
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on the hydrodynamic requirement of the critters [61]. Here, it was observed that
organisms swam quasi-steadily during upwards DVM, and hence only this swim-

ming gait was analyzed.

PIV measurements were acquired as outlined in §2.4.1 during vertical migration
of A. salina. Raw images were post-processed in Matlab to track the position of
organisms within the focal plane and whose trajectory did not coincide with that
of another swimmer. As shown in Figure 3.1, the swimming speed of an organism
can then be estimated by dividing the distance between the position of its centroid
at two frames to the time between those frames. Analysis of all experimental sets
yielded an average swimming speed of 1 cm/s, which coincided with the translat-
ing speed of the blue laser beam that prompted upward animal motion. Taking
the organism body length as characteristic length, the Reynolds number Re = 50
was within the range reported for krill and copepods [41], [108].

1 mm

Figure 3.1: Organism centroid displacement calculation. An overlay of two raw
PIV images of a representative experimental set is shown to illustrate the distance
travelled by one organism. The lighter shadowed animal corresponds to the tracked
organism at some time ¢ = t;, whereas the darker shadowed one corresponds to
the same animal at time t = t; + At. The position of the centroid is marked by
a yellow cross. The swimming speed of the organism is estimated as the distance
between centroids (yellow line) divided by At.
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Further analysis of the acquired PIV measurements allowed sporadic inspection of
the near-field flow due to individual organisms. It was observed that the generated
near flow of a single vertically-migrating A. salina varies between its ventral and
dorsal sides. During the power stroke of the propulsive cycle, the metachronal mo-
tion of the organism appendages resulted in a quasi-steady downward jet, which
persisted during the entire swimming cycle (see Figure 3.2a). In contrast, upward
fluid motion was observed to be induced by the ventral side during the recovery
stroke and by the dorsal side during upward animal motion (Figure 3.2b). The
net direction of near-field fluid transport over the swimming cycle was found to
be downward (i.e., opposite to the swimming direction), in contrast with previous
observations of jellyfish [37]. However, both results are consistent with recent the-
oretical models [77] that predict a dependence of the net direction of induced drift
on the swimming mode of the organism [50],[91],[86]. Moreover, this hydrody-
namic feature has also been reported for marine crustaceans that undergo DVM,

such as Fuphausia Pacifica and Daphnia [108], [104].

Figure 3.2: Near-field flows during DVM. Near-field flows generated by the
metachronal motion of the appendages of an individual organism (a), by the dorsal
side of an individual organism (b), and by two organisms in close proximity (c).

Additional experiments were performed with individual organisms in a smaller

setup to better visualize these hydrodynamic features '. Variable inter-animal
spacing during collective vertical motion facilitated the observation of individually-

generated hydrodynamic trails but subsequent interaction with neighboring swim-

!'Data was acquired by summer student Samantha Collins and the results presented here are
reproduced under her permission.
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mers inhibited further analysis (Figure 3.2c, for example). Following the developed
laboratory guidelines to study vertical migration of zooplankton, a smaller version
of the laboratory apparatus was implemented. A single organism was deposited
in a plexiglass container filled with 15 ppt artificial seawater pre-mixed with 13
pum silver-coated hollow glass spheres (Potter Inc.) at room temperature. The
organism was guided to the bottom of the container with a secondary light source.
Vertical migration was triggered from the bottom of the container to the top by
the subsequent generation of a green-laser sheet at the top of the tank. Videos
were acquired within a two-dimensional plane at the center of the tank with a
Sony Handycam at 30 fps. Instantaneous images were processed using PIVlab
(a Matlab open-source routine for PIV processing) with a multipass method of
decreasing window size from 64x64 to 32x32 with 50% overlap. The resulting ve-
locity fields were validated through a post-processing routine primarily consisting

of standard deviation and local median filters.

The development of the downward jet during the recovery stroke in the afore-
mentioned set of experiments is shown in Figure 3.3. From these observations,
it is evident that the vertical span of the generated jet is larger than the size
of the organism. In addition, the metachronal motion of the appendages creates
recirculating areas near the body that are smaller than the organism body length
(Figure 3.4). Going back to the theoretical estimates of biogenic mixing efficiency
presented in Chapter 1, these small scales are often taken to correspond to the
hydrodynamic footprint of a vertically swimming organism. However, as seen in
Figure 3.3, additional large-scale features are present, which could induce efficient

mixing via the vertical advection of fluid across a stable density stratification.

In congruence with measurements obtained during vertical collective motion, it
was observed that the upward drift along the passive dorsal side of the organism
is outweighed by the downward jet during upward propulsion (Figure 3.5). Sudden
rotation of the organism as it was swimming upwards allowed direct comparison

of both effects (Figure 3.6).
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Figure 3.3: Near-field flow along the ventral side of a vertically migrating A. salina.

The jet generated by the metachronal motion of the appendages of an individual
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Figure 3.4: Vorticity field along the ventral side of a vertically migrating A. salina.

The vorticity generated by the metachronal motion of the appendages of an indi-

vidual organism is shown during the time-lapse of a recovery stroke (a) - (c).
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Figure 3.5: Near-field flow along the dorsal side of a vertically migrating A. salina.
The image is shown rotated 90°to the right.

Figure 3.6: Counter-acting hydrodynamic features during vertical propulsion of A.
salina. The flow field along both the dorsal and ventral sides are shown for a freely
swimming organism (a) - (d). Initially, the organism was oriented such that the
jet resulting from the metachronal motion of its appendages was observable (a),
as time progresses self-rotation of the body allowed measurement of the near-field
flow along its dorsal side (d).
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3.3 Far-field Hydrodynamic Signature

As mentioned in the previous section, complex hydrodynamic interactions oc-
curred as two or more organisms came in close proximity during collective vertical
migration (Figure 3.2c). Synergy of the near-field flow of neighboring organisms
enhanced downward fluid advection via the development of a pronounced down-
ward jet. The time series presented in Figure 3.7 displays this process, in which
two organisms spontaneously came in close proximity and continued migrating

upwards, leaving a coherent trail behind.

A synopsis of the acquired measurements at the beginning of the migration (m, =
47 s) is presented in Figure 3.8 for the same experimental set. Figure 3.8a is
representative of the flow conditions as organisms start migrating upwards. The
interactions shown in Figure 3.7 occurred in between panels a and b of Figure 3.8.
The hydrodynamic trail generated from the interaction of two swimmers during
vertical migration persisted long enough to contribute to the flow generated by
subsequent migrating swimmers. Further development of the jet is observed as
the migration progresses over time (Figure 3.8). As described in §2.3, organisms
are concentrated within the left side of the field of view due to the alignment of

this side with the center of the green laser sheet.

Measurements corresponding to the middle of the migration (73 = 67 s) are shown
in Figure 3.9. The downward jet generated by the active ventral side of a single
organism indeed dominated over the weak upward fluid drift induced along the
passive side of the body and by the appendages during the recovery stroke. As a
result, as the migration developed, collective animal motion incited a strong down-
ward flow, characterized by a persistent, but spatially intermittent, downward jet

that diverged over time.
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Figure 3.7: Animal-fluid interactions between neighboring organisms during DVM.

The development of a

single jet was observed at the beginning of the vertical

migration as two organisms swam upward in close proximity. The presented time
series (a - d) was acquired 61 s after the migration had been triggered, i.e., 75+ 14

s. Images are shown with a time lapse of At = 56 ms.
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47 s), which corresponds to the beginning of the migration. The onset of the downward jet and its subsequent evolution

Figure 3.8: Velocity field measurements during the initial stage of DVM. Time series for a representative set acquired with the second

time delay (7o

is shown for the following times: t =75, +8 s (a), t = o + 16 s (b), t = 7o + 24 s (c).
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Figure 3.9: Velocity field measurements during DVM. Time series for a represen-

tative set acquired with the third time delay (73 = 67 s), which corresponds to the

middle of the migration. The development of the downward jet is shown for the

:Tg—|—24S (d)

3+8s(b),t=13+16s (c), t

)7t:

a

7'38(

following times: t

the generated flow field defies the previous assumption of a fully non-

Qualitatively,

Granted, a critical value of

turbulent flow in this Reynolds number range [41].

= 1000 is needed to reach fully developed turbulence. However,

Re

approximately

some aspects of turbulence are identifiable in the measured velocity fields, such

as their irregularity, which suggests that this flow results from the interaction of

hydrodynamic instabilities which could evolve to a turbulent state. In any case,

the velocity time series at each PIV measurement node (%;) can be simplified into
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the contribution of a mean flow component (U;):

LN
== @, i=1.2 1
U; N 2 U, i=1,2, (3.1)
and that of a fluctuating component (u;) [90], [76]:

where N indicates the total number of acquired measurements and the subscripts

1 =1 and ¢ = 2 refer to the horizontal and the vertical direction, respectively.

The time series of the fluctuating vertical velocity component (uz) is shown nor-
malized by its root-mean-square (rms) value (uy,,,.) at different PIV measurement
nodes spanning the camera field of view for a representative test of each experi-
mental set in Figures 3.11 - 3.13. A set of four additional measurements was done
following the laboratory procedures detailed in §2.4.1, but without organisms in
the tank. Velocity measurements of a representative test of this control set are
presented in Figure 3.10. The rms velocity is a measure of the strength or intensity

of a turbulent velocity and is defined as:

w,,. =\ul =12, (3.3)

where the overbar denotes a temporal mean (over the full measurement period). As
shown in Figure 3.10, the temporal record of ug/us,,,, corresponding to the control
set displays a random signal evenly distributed above and below the mean. On the
other hand, the time series of the normalized fluctuating velocity acquired during
vertical migration changes sign, due to an increase of the absolute magnitude of
the velocity at the given measurement node as the migration progresses (Figures
3.11, 3.12 and 3.13). At the beginning of the migration, this trend is displayed at
some locations, where wus/us,, . is mainly positive throughout the record, except
at approximately the last quarter (Figure 3.12). This is also observed in Figure
3.13, corresponding to measurements taken later in the migration, where the sign

change occurs at half the time span of the signal.
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A striking feature of the temporal evolution of wus/us, . is the intermittent pres-
ence of high intensity bursts during vertical migration (Figures 3.12 and 3.13). As
shown in Figure 3.11, this aspect was not observed in the velocity measurements
acquired prior to migration, nor in the velocity time series of the control tests done
without organisms in the water column (Figure 3.10). Inspection of the velocity
fields during these occurrences showed that these features are caused whenever an

organism strikes its appendages at that position (Figure 3.14).

To confirm the intermittent nature of the flow, the probability density function
(PDF) of the normalized fluctuating vertical velocity component was computed
for all experimental sets and the control case described above (Figures 3.15 - 3.18).
As shown in Figure 3.15, the PDF of us /us,, . for the experimental set correspond-
ing to flow conditions without organisms in the water tank displays a Gaussian
distribution, as expected. This normal distribution was observed at every mea-
surement node for each of the acquired control tests. Interestingly, however, the
PDF corresponding to the velocity measurements acquired prior to vertical mi-
gration exhibits a bimodal distribution at some PIV nodes (Figure 3.16), even
though the flow conditions in this case were observed to be similar to the control
set as seen from the processed ve<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>