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Summary

THE work presented in this thesis investigated interactions of selected biophysical processes that
affect zooplankton ecology at smaller scales. In this endeavour, the extent of changes in swim-

ming behaviour and fluid disturbances produced by swimming Daphnia in response to changing
physical environments were quantified. In the first research question addressed within this context,
size and energetics of hydrodynamic trails produced by Daphnia swimming in non-stratified still
waters were characterized and quantified as a function of organisms’ size and their swimming pat-
terns. The results revealed that neither size nor the swimming pattern of Daphnia affects the width
of induced trails or dissipation rates. Nevertheless, as the size and swimming velocity of the or-
ganisms increased, trail volume increased in proportional to the cubic power of Reynolds number,
and the biggest trail volume was about 500 times the body volume of the largest daphnids. Larger
spatial extent of fluid perturbation and prolonged period to decay caused by bigger trail volumes
would play a significant role in zooplankton ecology, e.g. increasing the risk of predation. The
study also found that increased trail volume brought about significantly enhanced total dissipated
power at higher Reynolds number, and the magnitudes of total dissipated power observed varied
in the range of (1.3-10)×10−9 W. Furthermore, this study provided strong evidence that swimming
speed of Daphnia and total dissipated power in Daphnia trails exceeded those of some other selected
zooplankton species.

In recognizing turbulence as an intrinsic environmental perturbation in aquatic habitats, this
thesis also examined the response of Daphnia to a range of turbulence flows, which correspond
to turbulence levels that zooplankton generally encounter in their habitats. Results indicated that
within the range of turbulent intensities to which the Daphnia are likely to be exposed in their nat-
ural habitats, increasing turbulence compelled the organisms to enhance their swimming activity
and swimming speed. However, as the turbulence increased to extremely high values (10−4 m2s−3),
Daphnia began to withdraw from their active swimming behaviour. Findings of this work also
demonstrated that the threshold level of turbulence at which animals start to alleviate from largely
active swimming is about 10−6 m2s−3. The study further illustrated that during the intermediate
range of turbulence; 10−7 - 10−6 m2s−3, kinetic energy dissipation rates in the vicinity of the organ-
isms is consistently one order of magnitude higher than that of the background turbulent flow.

Swarming, a common conspicuous behavioural trait observed in many zooplankton species, is
considered to play a significant role in defining freshwater ecology of their habitats from food ex-
ploitation, mate encountering to avoiding predators through hydrodynamic flow structures produced
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by them, therefore, this thesis also investigated implications of Daphnia swarms at varied abundance
& swarm densities on their swimming kinematics and induced flow field. The results showed that
Daphnia aggregated in swarms with swarm densities of (1.1-2.3)×103 L−1, which exceeded the
abundance densities by two orders of magnitude (i.e. 1.7 - 6.7 L−1). The estimated swarm vol-
ume decreased from 52 cm3 to 6.5 cm3, and the mean neighbouring distance dropped from 9.9 to
6.4 body lengths. The findings of this work also showed that mean swimming trajectories were
primarily horizontal concentric circles around the light source. Mean flow speeds found to be one
order of magnitude lower than the corresponding swimming speeds of Daphnia. Furthermore, this
study provided evidences that the flow fields produced by swarming Daphnia differed considerably
between unidirectional vortex swarming and bidirectional swimming at low and high abundances
respectively.
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Chapter 1
Introduction

1.1 Background

IN stratified marine or freshwater environments, the degree of turbulent vertical mixing can de-
fine its chemical, nutrition, hydrodynamic characteristics of the environment. For instance, the

turbulent vertical mixing has shown to determine the distribution of dissolved substances (Boehrer
and Schultze, 2008), affect the exchange of gasses and solutes at interfaces (Lorke and Peeters,
2006), and control carbon and nutrient cycling (Denman and Gargett, 1995). While it has attributed
to oceanic circulation on a global scale profoundly affecting earth’s climate (Wunsch and Ferrari,
2004), on smaller scales it influences the underwater light climate (Macintyre, 1993), phytoplankton
and bacterial growths rates (Bergstedt et al., 2004; Peeters et al., 2007) and predator-prey interac-
tions in zooplankton and fish (Kiørboe and Mackenzie, 1995; Pitchford et al., 2003).

Even if the implications of turbulent vertical mixing on aquatic environments at different scales
are significant, the underlined mechanisms of mixing are not fully understood (Ivey et al., 2008).
The discrepancy of diffusivity estimates in lakes and ocean basins being about one order of mag-
nitude higher than locally measured values (Wüest and Lorke, 2003; Wunsch and Ferrari, 2004)
suggests that breaking internal waves could be one of the mechanisms (Garrett, 2003; Goudsmit
et al., 1997). Turbulence and vertical mixing induced by swimming of aquatic animals (i.e. biomix-
ing) has also been suggested as another mechanism attributing to the discrepancy in diffusivity es-
timates. Also, turbulent kinetic energy produced by marine species have shown to generate kinetic
energy at a rate of about 10−5 Wkg−1 (Huntley and Zhou, 2004), which exceeds dissipation rates
typically observed in stratified lakes by about two orders of magnitude (Ivey et al., 2008; Wüest
and Lorke, 2003) indicating that animal-induced turbulence is comparable in magnitude to rates of
turbulent energy dissipation that result from major storms. The total biosphere contribution to the
aphotic ocean mechanical energy estimated (≈ 1 TW), also affirms comparable dissipation rates in
magnitudes to that of wind and tides (Dewar et al., 2006).

Besides the scarcity of experimental evidence for biomixing, a few observations have indicated
the existence of biologically-induced velocity fluctuations in stratified waters. For instance, diel
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vertical migration of krill swarms in the coastal ocean strongly increased levels of turbulence (Kunze
et al., 2006), patches of small fish in Monterey Bay contributed to enhance turbulent dissipation
rates (Gregg and Horne, 2009), and abundance of fish around an artificial reef in Lake Constance
and measured rates of turbulent kinetic energy dissipation were found to be correlated (Lorke and
Probst, 2010).

However, the contribution of aquatic organisms to vertical mixing is not confined to the gen-
eration of turbulence and corresponding velocity fluctuations. It has estimated that fluid transport
within the viscous boundary layer surrounding swimming animals can provide an amount of en-
ergy comparable in magnitude to major winds and tides on a global scale (Katija and Dabiri, 2009).
Successive interactions of zooplankton organisms with parcel of fluid have also shown to vertically
displace the fluid parcels over distances much larger than the individual body size (Dabiri, 2010).

Fluid disturbance and mixing induced by swimming zooplankton at small-scale have also shown
to be significant for the organisms themselves. Fluid disturbance can affect feeding strategies and
success of suspension feeders (Garcia et al., 2007; Visser et al., 2009), the reception of chemi-
cal cues, the encounter with contaminants (Lovern et al., 2007), and the detection of prey and by
predators (Visser, 2001).

Despite the important role that swimming zooplankton play in the aquatic environment, less
is known about their behaviour and induced flow field. Studies based on numerical simulation
have oversimplified with assumptions requiring experimental justification (Dabiri, 2010; Jiang and
Strickler, 2007) while studies based on direct observations using imaging techniques (Van Duren
and Videler, 2003; Jiang and Strickler, 2007; Michalec et al., 2015) have used either tethered organ-
isms or conducted in small enclosures in comparison to the number of animals (thereby interfering
with swimming behaviour and flow field is influenced by boundary effects). Zooplankton are one of
smallest propelling organisms in aquatic ecosystems, however, as they are often found in relatively
high densities and many of zooplankton perform a diel vertical migration (Cohen and Forward,
2009), their contribution to flow disturbance can expect to be significant.

1.2 Daphnia swimming in still-water
As it was pointed out in the previous section, swimming zooplankton may play a significant role
in their ecological environment at organism and population scale. From feeding success (Kiørboe,
2011), sensing chemical or hydrodynamic cues (Lombard et al., 2013; Visser, 2001) to detecting
predators (Kiørboe et al., 2010) are affected by small-scale flow perturbations produced by swim-
ming zooplankton. It was previously shown that swimming of zooplankton significantly contributed
to vertical mixing of stratified waters (Dewar et al., 2006; Huntley and Zhou, 2004), which later re-
buked considering the spatial scales that zooplankton perturbations occur (Kunze, 2011; Visser,
2007).

Numerical simulations (Jiang et al., 2002b) and theoretical analysis (Jiang et al., 2002a) have
shown that flow produced by appendages and swimming legs in the vicinity of zooplankton (re-
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gions 1 and region 2 in Fig. 1.1) is offset by viscosity, and fluctuations take place at small-scales
than viscous length scale (

√
ν/ω; where ν and ω are kinematic viscosity and angular frequency

of beating appendages respectively). Another flow field is developed at a spatial scale larger than
the organism’s size (region 3 in Fig. 1.1) depending on whether inertia of displaced fluid exceeds
viscous forces (Re > 1). Thus, Reynolds number provides a measure of relative trail length as it
indicates the ratio of length scale over which hydrodynamic disturbances dissipate to organism size
(Lauga and Powers, 2009). However, this does not allow to visualize the complete picture of the
size of zooplankton traces.

Furthermore, the most of existing studies analysing hydrodynamic traces of zooplankton have
largely considered copepods (Jiang and Osborn, 2004; Kiørboe et al., 2010). However, it is worth
understanding if freshwater zooplankton of similar size with different swimming pattern or foraging
strategy may leave different traces (Kiørboe, 2011). A common freshwater zooplankton, Daphnia
(also known as water fleas), are propelled by extending their appendages and erected hairs and
folded appendages and collapsed hairs during recovery stroke (Walker, 2002). Beating of second
antenna at frequencies of 3-5 Hz generates forward thrust which translates them a distance of about
one body length (Gries et al., 1999). Daphnia typically swim in a Reynolds number range of 10-
100 (Kohlhage, 1994) which is comparable to that of copepods (Morris et al., 1990; Walker, 2002).
Size of Daphnia trails observed in density-stratified waters by means of laboratory experiments
have indicated wake volumes much larger than organisms (Gries et al., 1999). However, large
density gradients required for optical Schlieren method used in their measurements strongly affected
the trails length. Freely swimming Daphnia in weakly density-stratified waters have indicated an
enhanced dissipation rate in their trails on spatial scales exceeding the size of the organism by two
orders of magnitude (Noss and Lorke, 2012).

1.3 Daphnia swimming in turbulence
The limits of zooplankton tolerance are often tested (Carrasco et al., 2013) by changing environ-
mental conditions at a broad spatial and temporal scales (Kiørboe, 2011), and turbulence is one such
physical environment present in all aquatic ecosystems (Wüest and Lorke, 2003).

The response of zooplankton to turbulence has been investigated by conducting laboratory ex-
periments (Alcaraz et al., 1994; Saiz et al., 2003; Fuchs et al., 2013), field measurements (Visser
and Stips, 2002; Maar et al., 2003), and numerical simulations (Mackenzie et al., 1994; Zhan et al.,
2014). Many of these former studies have focused on understanding effects of turbulence in swim-
ming behaviour (Haury et al., 1992; Prairie et al., 2012), predator-prey encounter rates (Rothschild
and Osborn, 1988; Mackenzie et al., 1994), feeding patterns (Saiz and Kiørboe, 1998), metabolism
(Saiz and Alcaraz, 1992; Alcaraz et al., 1994), and growth rates (Alcaraz et al., 1988; Saiz et al.,
1992), however, these have not produced consistent results.

For various freshwater zooplankton species, these inconsistencies have provoked regarding the
threshold level of avoiding turbulence or due to unquantified level of turbulence used (Oviatt, 1981;
Alcaraz et al., 1988). Several other studies have suggested threshold levels for the dissipation rate
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Region 3

Region 2

Region 1

Region 1

Figure 1.1: A conceptual sketch of the flow fields around a swimming Daphnia (grey ellipsoid).
The red arrow indicates the swimming direction and black curves represent antennas. The three
distinct spatial scales of the flow field (blue stream lines) generated by the swimming organisms are
indicated by red dashed lines.

of turbulent kinetic energy at which copepods begin to avoid turbulence (10−6.5 m2s−3 (Incze et al.,
2001), 10−7 m2s−3 (Pringle, 2007)). In another study (Yen et al., 2008), it was shown that copepods
could withstand low turbulence intensities by controlling their position and movements whereas at
higher turbulence intensity they were passively displaced. The transition occurred at a dissipation
rate of 9×10−7 m2s−3. Further suggesting that zooplankton have an optimum fitness level under
turbulent conditions, a dome-shaped correlation between swimming and turbulence intensity have
been observed (Visser et al., 2009) while the optimum occurred at a turbulence level about 10−4

m2s−3. They also asserted that this dome-shaped relationship may affect the vertical distribution
of organisms. Also, the response to turbulence has shown to vary among species within the same
zooplakton type. For instance, two copepod species exposed to two turbulence levels (9×10−7

m2s−3 and 9.6×10−6 m2s−3) showed (Webster et al., 2015) that Acartia tonsa did not significantly
respond to the lower turbulence level but significantly altered their swimming behaviour in the
higher turbulence level by increasing the relative speed of swimming. In contrast, T. longicornis did
not indicate a behavioural response to both levels. Another study conducted recently also showed
that active swimming contributed substantially to the swimming velocity of copepods even when
turbulence is significant (Michalec et al., 2015).

In addition to zooplankton, meroplankton (mainly marine vertebrate larvae) have been reported
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to trigger changes in larval swimming behaviour actively or passively in response to turbulence (Roy
et al., 2012). However, like with copepods, findings are not consistent. Fast swimming larvae crab
zoea observed to actively change their swimming speeds (Welch and Forward, 2001) while barnacle
cyprids opposed downwelling currents by swimming upwards (DiBacco et al., 2011). Moderately
fast swimming oyster larvae has shown to sink (Fuchs et al., 2013) or swim upward (Wheeler et al.,
2013; Fuchs et al., 2015; Wheeler et al., 2015) in high turbulence. At turbulence intensity equivalent
to the kinetic energy dissipation rate of 10−6 m2s−3, an active upward swimming of sand dollar and
a passively stable swimming of purple sea urchin have been observed (McDonald, 2012). Sea urchin
exposed to two levels of turbulent dissipation rates (9×10−9 or 4×10−7 m2s−3) showed that under
no flow and low turbulence conditions, animals moved towards the water surface whereas in high
turbulence, larvae were passively transported with the flow (Roy et al., 2012).

Less is known about how turbulent flows affect the swimming and energetics of freshwater
zooplankton. Daphnia as only a few studies have focused on understanding behavioural changes of
Daphnia in the presence of turbulence (Brooks, 1947; Alcaraz et al., 1994; Laforsch and Tollrian,
2004). (Spitael, 2007) observed that D. magna tolerated higher levels of turbulence to remain in
the oxygen-rich surface zone. (Seuront et al., 2004) investigated swimming speed and behaviour of
Daphnia pulicaria for a range of turbulent dissipation rates (3.8×10−8- 1.1×10−4 m2s−3) and found
increased escape responses with increasing turbulence.

Therefore, the extent of adaptation or avoidance of turbulence among zooplankton types and
species still remain ambiguous. This vagueness may have derived due to the fact that the experi-
mental approach has underscored organisms behaviour and overlooking the significance of observ-
ing flow fields. To date, studies deployed simultaneous measurements of behaviour and flow field
are scarce (Yen et al., 2008; Adhikari et al., 2015; Michalec et al., 2015).

The results corresponding to previous work of this thesis conducted in still-water indicated that
Daphnia exhibited higher swimming speeds among zooplankton species (Wickramarathna et al.,
2014), and Daphnia showed to enhance metabolism in turbulence as indicated by 14.3% increase
in heart rate compared to calm water conditions (Alcaraz et al., 1994). These findings suggest that
Daphnia may be more resilient and can potentially enhance their swimming activity in response to
turbulence. Therefore, we hypothesize that Daphnia intensify their swimming activity in response
to increasing turbulence up to a threshold, beyond which, the animals gradually withdraw from
active swimming.

1.4 Swarming of Daphnia
Aggregation of animal is common among mammals, flying animals as well as among aquatic organ-
isms. Unlike schooling of animals, a swarm is defined as a dense patch of organism within which
organism are not aligned in parallel to each other in their movements (Leising and Yen, 1997) or
they are not a completely random set of movements (Banas et al., 2007).

Depending on the dominant component of physical and biological processes, a swarm can be
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either an active or a passive process. For instance, passive swarms may be formed as a result
of dominant physical characteristics of water (e.g. eddies, fronts) (Huber et al., 2011) or active
swarms are formed by resisting dispersion without orienting (Banas et al., 2007). Both passive
and active swarming affect predator-prey encounter rates (Pijanowska Kowalczewski, 1997; Lorke
et al., 2008), food capturing success (Davis et al., 1991), and encountering mates (Hebert et al.,
1980; Gendron, 1992).

Cues that triggers active swarms can be due to either social or non-social interactions (Banas
et al., 2007). Socially interactive swarms are driven by density-dependent responses of individual or-
ganisms to their neighbours (Flierl et al., 1999). zooplankton aggregations induced by long-distance
interactions along neighbours’ scent trails (Weissburg et al., 1998), attempting to improve proba-
bility of encounter (Gerritsen, 1980) or attempting to enhance mating among conspecific adults
(Ambler et al., 1996) are some of typical examples for socially interactive swarms.

In contrast to social aggregations formed as a result of individual organisms to their neighbours,
non-social zooplankton swarms are formed as a result of external cues such as light, food, or preda-
tors (Van Gool and Ringelberg, 1997; Cohen and Forward, 2009). Among these external cues,
presence of predators has been extensively studied as a cue inducing non-social zooplanton aggre-
gations (Kvam et al., 1995; Buskey et al., 1996; Kleiven et al., 1996; Pijanowska Kowalczewski,
1997).

Phototactic behaviour of Daphnia is well known and use as a model organism for mechanistic
explanations of diel vertical migration (Ringelberg, 1999). However, non-social swarms formed as
a result of spatial gradients in light intensity have largely understudied. And, being unable to form
an image with their eyes (Buchanan and Goldberg, 1981) and make long-range communication be-
tween Daphnia (Larsson and Dodson, 1993) to trigger social interactions, aligned synchronization
of swimming has not been detected among Daphnia (Okubo and Levin, 2001). However, numerical
simulations have suggested that short-ranged hydrodynamic interactions can induce aligned swim-
ming directions in high-density Daphnia swarms (Ordemann et al., 2003; Mach and Schweitzer,
2007). They further suggest that unidirectional vortex swarming can be expected if swarm the
density exceeds a critical value.

Daphnia have exhibited the largest total dissipated power in their trails, higher swimming speeds
than those of copepods and krill, and trail volumes of several folds bigger than the size of organisms
(Wickramarathna et al., 2014). Also, despite important physiological and ecological consequences
of flow field produced by zooplankton at organism and population scale such as feeding success
(Kiørboe, 2011), sensing chemical and hydrodynamic cues (Lombard et al., 2013; Visser, 2001)
detecting prey or predators (Kiørboe et al., 2010), the flow field induced by swarming zooplankton
has rarely been observed in former studies.

6



CHAPTER 1 1.5. GOALS AND SPECIFIC OBJECTIVES

1.5 Goals and specific objectives
In this study, swimming behaviour and corresponding flow structures produced by the propulsion
of Daphnia are characterized and quantified under selected environmental conditions established in
laboratory. In view of this, this dissertation is aimed at the general objectives of (i) characterizing
flow disturbances in the wakes of singular Daphnia swimming in still water, (ii) understanding the
interactions of swimming Daphnia in turbulent flows, and (iii) characterizing swimming behaviour
and the flow field produced by Daphnia swarms.

There exists no consensus agreement regarding the extent of flow perturbation that swimming
of zooplaton are produced. Although Reynolds number provides a clue of relative trail length, it
does not indicate actual volume of hydrodynamic traces which is important to understand ecolog-
ical consequences of induced trails. Furthermore, footprints produced by swimming Daphnia are
largely understudied, thus, there exists a gap of knowledge regarding their behaviour and flow field.
Therefore, as the first major goal of this study, trajectories and hydrodynamic footprints produced by
freely swimming Daphnia of different sizes in the absence of density stratification and background
flow were analysed. The specific objectives of this study were;

• Are Daphnia swimming in calm water capable of producing large scale flow structures ?

• How the size and energetics of these hydrodynamic trails are affected by the organism age
(size) and swimming patterns ?

As it was described in Section 1.2, the scientific debate regarding how zooplanton respond to
turbulence has so far yielded inconsistent results possibly due to the lack of flow field observations
along with organisms’ swimming behaviour. In addition to inconsistencies among marine zooplank-
ton and meroplankton, the current knowledge of how Daphnia may respond to turbulence is clearly
insufficient. Therefore, in the second objective of this study, laboratory observations of Daphnia
swimming in turbulent flows of different intensities were analysed. The measurements resolve both
behavioural changes in animals’ motility and the corresponding characteristics of the turbulent and
animal-induced flow fields. The specific objectives of this study were;

• Are zooplankton, Daphnia in particular resilient enough to overcome turbulence or do they
avoid turbulence ?

• Is there a threshold of turbulence intensity that they make a transition from overcoming to
avoidance?

Large trail volumes produced by individual Daphnia swimming in still water (Wickramarathna
et al., 2014) suggest a strong potential to instigate large scale flow structures by Daphnia swarms.
Also, Daphnia is known for its phototactic behaviour, light-induced Daphnia swarms have been
understudied. Futhermore, while flow field induced by zooplankton swarms has rarely been re-
ported, laboratory experiments and numerical simulations have led to contradictory results regard-
ing aligned synchronization of Daphnia swarms. To address these unresolved issues, swarming
behaviour of Daphnia in combination with measurements of the swarm-induced flow fields were
analysed as the third goal of this work. The specific objectives of the study were;
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• Do Daphnia swarms instigate large scale flow structures ?

• If hydrodynamic interactions can cause an alignment of swimming directions in dense swarms

• How abundance and swarm densities in aggregations affect their behaviour and induced flow?

These questions are answered by means of laboratory experiments, which deploy a novel ap-
proach of simultaneously capturing information of induced flow field and organisms’ behaviour
using particle image velocimetry method and organism tracking respectively.

1.6 Outline of the thesis
The thesis is divided into five chapters, and is comprised of three original research articles that
address the research questions stated above, which are presented in Chapters 2 - 4. After this intro-
ductory Chapter where the research questions were formulated, size and energetics of hydrodynamic
trails produced by individual Daphnia swimming in non-stratified still waters are characterized and
quantified as a function of organisms’ size, their swimming patterns (Chapter 2). The work out-
lined in Chapter 3, the response of Daphnia to a range of turbulence flows, which correspond to
turbulence levels that zooplankton generally encounter in their habitats, is discussed in great details
with respect to their behavioural changes and induced flow field.In the work presented in Chapter 4,
implications of Daphnia swarms at varied abundance & swarm densities on their swimming kine-
matics and induced flow field are discussed. The last Chapter (5) synthesizes the results and outlines
an overall outlook pertaining to the three topics covered in this Ph.D. work and a brief overview of
their environmental relevance.
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Chapter 2
Hydrodynamic trails produced by Daphnia:
size and energetics

Lalith N. Wickramarathna, Christian Noss, and Andreas Lorke

Institute for Environmental Sciences, University of Koblenz-Landau, Landau, Germany.

Adapted from the article published in PLoS ONE, 2014, Doi: 10.1371/journal.pone.0092383

Abstract

This study focuses on quantifying hydrodynamic trails produced by freely swimming zoo-
plankton. We combined volumetric tracking of swimming trajectories with planar obser-
vations of the flow field induced by Daphnia of different size and swimming in different
patterns. Spatial extension of the planar flow field along the trajectories was used to interro-
gate the dimensions (length and volume) and energetics (dissipation rate of kinetic energy
and total dissipated power) of the trails. Our findings demonstrate that neither swimming
pattern nor size of the organisms affect the trail width or the dissipation rate. However, we
found that the trail volume increases with increasing organism size and swimming veloc-
ity, more precisely the trail volume is proportional to the third power of Reynolds number.
This increase furthermore results in significantly enhanced total dissipated power at higher
Reynolds number. The biggest trail volume observed corresponds to about 500 times the
body volume of the largest daphnids. Trail-averaged viscous dissipation rate of the swim-
ming daphnids vary in the range of 1.8×10−6 W/kg to 3.4×10−6 W/kg and the observed
magnitudes of total dissipated power between 1.3× 10−9 W and 1× 10−8 W, respectively.
Among other zooplankton species, daphnids display the highest total dissipated power in
their trails. These findings are discussed in the context of fluid mixing and transport by
organisms swimming at intermediate Reynolds numbers.
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CHAPTER 2 2.1. INTRODUCTION

2.1 Introduction
Small-scale fluid motion and mixing induced by swimming zooplankton in aquatic ecosystems have
important physiological and ecological consequences at organism and population scale. The flow
field around the organisms affects feeding strategies and feeding success (Kiørboe, 2011; Visser
et al., 2009) as well as the reception and dispersal of chemical (Lombard et al., 2013; Pijanowska
Kowalczewski, 1997) and hydro-mechanical cues (Visser, 2001), which allow for detecting prey or
predators (Kiørboe et al., 2010). Fluid transport and mixing by swimming zooplankton also has
been considered as a potentially significant energy source for vertical mixing in density-stratified
waters on global scales (Dabiri, 2010; Dewar et al., 2006; Huntley and Zhou, 2004). The extent
to which zooplankton-generated flow can contribute to vertical mixing, however, was argued to be
insignificant due to the small spatial scales at which currents are produced (Kunze, 2011; Visser,
2007).

Theoretical analysis (Jiang et al., 2002a) and numerical simulations (Jiang et al., 2002b) on
copepods suggest that the highly fluctuating flow field around their beating feeding appendages and
swimming legs is damped by viscosity and high-frequency temporal fluctuations are restricted to
spatial scales, which are smaller than the viscous length scale

√
ν/ω (with ω and ν being the angular

frequency of the beating appendages and the kinematic viscosity respectively). Beyond this length
scale, a steady flow field develops, which depends on organism Reynolds number (Re). If Re > 1,
i.e. if inertia of the displaced fluid surpasses viscous forces, an increasing fraction of total power
is dissipated at spatial scales exceeding the size of the organism. In fact, Re can be considered
as a relative trail length because it scales with the ratio of length scale over which hydrodynamic
disturbances dissipate to organism size (Lauga and Powers, 2009). However, energy dissipation
provides only one possible measure of the size of the footprint of swimming zooplankton. Because
the molecular diffusivities of dissolved substances are much smaller than the diffusivity of momen-
tum, which is described by the kinematic viscosity, the corresponding concentration fluctuations are
more persistent and are dissipated at much larger spatial scales (Noss and Lorke, 2014).

Existing laboratory and numerical studies on the size and the structure of hydrodynamic foot-
prints of swimming zooplankton have mainly focused on copepods (Jiang and Osborn, 2004; Kiørboe
et al., 2010; Videler et al., 2002). The different feeding strategy and resulting swimming patterns
of other highly abundant zooplankton species of similar size, such as Daphnia, can, however, be
expected to result in different hydrodynamic footprints (Kiørboe, 2011).

Locomotion of the filter-feeding daphnids is attained by a pair of extended appendages (second
antennae) and erected swimming hairs during the downward directed power stroke that generates
more drag than folded appendage and collapsed swimming hairs during the upward recovery stroke
(Walker, 2002). Beating of the second antennae with typical frequencies of 3-5 Hz (Arana et al.,
2007; Gries et al., 1999) produces the thrust required to propel the 0.2-5 mm sized organism forward.
This length scale is about 0.2 mm for a beating antenna of a Daphnia.

The typical organism (body) Reynolds number of Daphnia is about O ∝ 101 to 102 (Kohlhage,
1994; Walker, 2002) and similar to those of copepods (Morris et al., 1985, 1990; Walker, 2002). The
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size of the hydrodynamic trails of swimming Daphnia has been investigated in laboratory experi-
ments by Gries et al. (1999) as a function of density stratification. They observed that the volume
of the wakes is much larger than the organism itself. The optical Schlieren technique applied in
their measurements, however, required very large density gradients, which were demonstrated to
strongly affect trail length. In weak density stratification, Noss and Lorke (2012) have recently
observed enhanced dissipation rates of kinetic energy in the trail of a freely swimming daphnid on
spatial scales exceeding the size of the organism by two orders of magnitude.

In this study we analyze a series of laboratory measurements of the trajectories and hydrody-
namic footprints produced by freely swimming Daphnia of different sizes in the absence of density
stratification and background flow. By quantifying the spatial dimensions of enhanced kinetic en-
ergy dissipation rates in the trail of the swimming organism, we provide experimental evidence for
the ubiquitous existence and Re dependence of highly-energetic flow structures exceeding the size
of the organism swimming at intermediate Re. The intermediate Re in our study refers to Re > 1
(viscous flow), but not fully turbulent (i. e. not Re >> 1).

2.2 Materials and Methods

2.2.1 Organisms and Measurements
All test organisms of species Daphnia magna were cultured following standard regulatory require-
ments (OECD, 2004). For the measurements, groups of 5-20 organisms of the same age (5, 20, and
25 days old, respectively) were inserted into the test aquarium and allowed to sufficiently adapt to
the test environment. For each age group, the core body length lD (head to the proximal end of the
caudal spine (Ranta et al., 1993)) was estimated for 5-10 different organisms from selected images.
The average growth rate estimated for the culture was 0.072 mm/day, and can be considered as
typical for D. magna (Ranta et al., 1993).

The test aquarium with a cross-sectional area of 17.5 cm × 11 cm and a height of 16 cm was
submerged in a larger temperature-controlled aquarium to prevent the generation of convective cur-
rents due to slight fluctuations of room temperature. The aquarium was illuminated from above with
a dimmable natural white LED-panel, while light intensity was adjusted (568 lm) so that it provides
sufficient illumination for organism tracking. Swimming behavior of organisms was not affected by
the white light because, given the size of the aquarium in our system, white light was homogenously
distributed with negligible attenuation. As previously reported (Ringelberg, 1999; Ringelberg et al.,
1997; Van Gool and Ringelberg, 1997), the swimming behavior depends on the rate of change in
light intensity but not on the magnitude of light intensity itself.

We deployed two cameras for tracking in combination with two stereoscopic PIV (Particle Im-
age Velocimetry) cameras for three-dimensional velocity measurements. Swimming trajectories of
all daphnids were tracked using two orthogonally arranged CCD-cameras (FlowSense4M, Dantec
Dynamics, four-megapixel, 8 bit greyscale resolution) mounted on bi-telecentric lenses (TC 4M,
Opto Eng.) having a focal depth of 5.6 cm (Figure 2.1). The usage of bi-telecentric lenses pro-
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Figure 2.1: A three-dimensional depiction of the experimental set-up. Temperature fluctuations
potentially causing convective currents in the test aquarium were suppressed by placing it into an
outer aquarium of constant temperature, which is not shown here.

vided a pixel resolution of about 19.5 pixels mm−1, which is independent of location within the
sampling volume. The spatial resolution of each camera-lens combination was measured using a
custom-made calibration target.

Three-dimensional current velocities were measured within a vertical plane located in the cen-
ter of the test aquarium using stereoscopic PIV. The plane was illuminated by short laser pulses
(Litron Nano L 200-15 PIV double pulse laser, wavelength: 532 nm, pulse duration: 4 × 10−9 s),
and the displacement of seeding particles (50 µm diameter Polyamide particles, Dantec Dynamics)
was observed from two different perspectives (Figure 2.1). The laser light sheet had a thickness
of ≈ 5 mm, and it should be noted that the swimming behavior was not affected by the green
laser light (Table A.1 provided in the supporting information). A four-megapixel greyscale CCD-
camera (FlowSense4M, Dantec Dynamics) and a two-megapixel greyscale PCO camera (HiSense
610, Dantec Dynamics) were used for the PIV measurements. Video A.1 (provided in the sup-
plementary information) exemplifies a sequence of raw images showing particle displacements by
freely swimming daphnids of different sizes.

The timing of laser pulses and image acquisition of all four cameras were controlled using
Dantec Dynamicstudio software (version 3.20). The two stereoscopic PIV cameras captured images
during the exposure with the laser light sheet, while two tracking cameras captured images during
the time window in which the laser light sheet was off. Images from all four cameras were recorded
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at 14.8 Hz for 5.6 min.

2.2.2 Data analysis
Swimming trajectories and patterns

Three-dimensional swimming trajectories of all daphnids within the test aquarium were estimated
following the procedure described by Noss et al. (2013). The raw tracks were initially refined to
a minimum length to screen out a large number of very short segmented tracks, and furthermore,
tracks which did not cross the laser light sheet were discarded. Moreover, near-wall segments of
the refined trajectories were also discarded because daphnids tend to veer from the primary swim-
ming trajectory in the neighborhood of the glass walls. Consequently, the lengths of swimming
trajectories chosen for further analysis were typically about 60 mm.

Instantaneous swimming speeds of the organisms were estimated using the distances between
subsequent positions along the swimming trajectory. Mean swimming speeds uD were obtained
from averaging of instantaneous speeds over the entire trajectory. Body Reynolds number of daph-
nids ReD was calculated using mean swimming speed and body length (ReD = uD · lD/ν, where ν
is the kinematic viscosity of water at 20◦C).

Figure 2.2: An illustration of different metrics in characterizing swimming trajectories. The mean
displacement is the mean of distances Di traveled between two subsequent observations (black
dots). The net displacement ND is the straight-line distance between the initial and final locations,
and the gross displacement is the sum of distances Di. The mean turning angle is the trigonometric
mean of angles θi formed by changes in direction between observations (Strutton, 2007).
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Observed swimming trajectories were further used to categorically characterize the swimming
pattern of organisms. A variety of metrics have been proposed for differentiating swimming patterns
(Seuront et al., 2004b) (Figure 2.2). All proposed measures (e.g. path length or turning angle) are
scale-dependent and no single measure may characterize swimming paths unambiguously (Strut-
ton, 2007). Since both aspects of path length and turning angle are embodied, the Net to Gross
Displacement Ratio (NGDR) within a distance of ±30 mm from the light sheet was adopted in
the present study. Three typical swimming patterns were discriminated based on observed NGDR
values (Figure 2.3):

• Cruising (NGDR: 1.0-0.9): In this swimming pattern, organisms swim in a near-straight line
trajectory (Figure 2.3A).

• Hopping and sinking (NGDR: 0.9-0.6): In this pattern of swimming, organisms tend to dis-
cretely ascend and descend from their pathways (Figure 2.3B).

• Looping (NGDR: 0.6-0.25): In this particular swimming pattern, organisms distinctly display
a swirling or spiral-like motion (Figure 2.3C).

Figure 2.3: An illustration of swimming patterns of Daphnia. The swimming patterns can be distin-
guished based on NGDR values specified.

Analysis of trail

Three-dimensional current velocity vectors within the laser light sheet were obtained from stereo-
scopic PIV analysis (Stamhuis et al., 2002) by using an adaptive correlation method (Dantec Dy-
namics, 2012) available in DynamicStudio software (version3.20, Dantec Dynamics). The spatial
and temporal resolution of the final velocity estimates are 1.8 mm × 1.5 mm and 0.0676 s respec-
tively.

Dissipation rate of turbulent kinetic energy (Kundu and Cohen, 2008) was estimated from mea-
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sured velocity components using;
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Where u, v, and w denote the current velocity components in x, y, and z directions, respectively
(Figure 2.1) and velocity gradients were estimated using a central difference scheme (Mathews and
Fink, 2004).

The cross-sectional area of fluid disturbances induced by swimming daphnids crossing the laser
light sheet were identified using a threshold of 5 × 10−8 W/kg in energy dissipation rates (Noss
and Lorke, 2012). It should be noted that the threshold was somewhat arbitrarily chosen depend-
ing on the resolution and noise in our measurements. Trail cross-sectional area was estimated as
the total area featuring dissipation rates above this threshold for individual PIV images. The three-
dimensional distribution of energy dissipation rates in the trails was reconstructed by estimating the
unresolved z-coordinate as the product of Daphnia swimming velocity obtained from tracking and
the time elapsed after it has passed through the PIV field of view (Figure 2.4). The trail volume was
estimated by integrating the measured planar dissipation distributions along over all three spatial
dimensions. Figure A.1 (provided in the supporting information) shows an example of a trail pro-
duced by a cruising Daphnia. Assuming a cylindrical trail shape, equivalent trail diameters (dtrail)
were estimated using the observed trail lengths (ltrail) and trail volumes (Vtrail). Mean dissipation
rates of kinetic energy εtrail and total dissipated power Ptrail were obtained from the log-average of
observed dissipation rates within each trail (Baker and Gibson, 1987) and from the multiplication
of the log-averaged dissipation rates with trail volume times water density ρ, respectively. For ref-
erence, we calculated the wake length of a sphere (lSphere) sinking in a still surrounding based on
velocity scaling in a laminar wake region (Tennekes and Lumley, 1973; Schlichting, 1977). Using
the velocity distribution provided in Wu and Faeth (1993) (their Equation 5), lSphere was estimated
(Equation 2.2) as the distance from a sphere having the diameter d = lD and moving at speed uD
at which the centerline velocity (u in Equation 2.2) has decreased to 10% of its maximum value.
Thus, the wake length can be formulated as;

lSphere =
θ2Us

4ν( u
Us
)
=

θ2uD
4ν ∗ (10%)

=
θ2uD

4ν ∗ 0.1
(2.2)

Where θ initial momentum thickness of a wake (Equation 1 of Wu and Faeth (1993)), Us is the
sphere velocity (Daphnia) and u the mean streamline velocity at distance lSphere.

Total dissipated power of the swimming daphnids was further estimated using an approach of
Huntley and Zhou (2004) for a global assessment of kinetic energy dissipation by swimming organ-
isms. By applying their approach to our observations, the rate of energy utilization PH&Z (in W) to
overcome drag acting on a daphnid can be calculated as:

PH&Z = 1.4 · 10−14 · ρ ·Re1.8D · uD (2.3)
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Figure 2.4: A 3D schematic diagram that illustrates the method of estimating the volume of dis-
sipation rates. The gridded windows indicate the field of view at different time stamps across
the laser light sheet while smaller grids represents spatial window of the interrogation area
(1.5 mm × 1.8 mm). A Daphnia swims in the z-direction, and three different grid colors indi-
cate different levels of dissipation rates induced by the swimming Daphnia. The z-coordinate was
determined as the product of Daphnia swimming velocity (uD) and time taken to passed through
field of view (t) while the trail cross-sectional area was computed by the total area of patches of ε
above our threshold for each PIV image. The three-dimensional distribution of energy dissipation
rates in the trails was reconstructed by the product of z-coordinate and the trail cross-sectional
areas. Blue dashed lines represent the boundary of the trail.
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Equation 2.3 was originally derived by considering high-Reynolds number drag acting on a
flat plate. As a more appropriate model for daphnids, we modified the derivation of Huntley and
Zhou by considering the drag coefficient of a spherical particle, which yields an expression for total
dissipated power Psphere of:

Psphere =
1

2
Cd · ρ ·

πd2

4
· u3D (2.4)

The drag coefficient Cd of a sphere for the range of 0 < Re < 2× 105 is given by:

Cd =
24

ReD
+

6

1 +
√
ReD

+ 0.4 (2.5)

The above expression is equivalent to Stokes law if Re << 1 (Kundu and Cohen, 2008).

2.3 Results

2.3.1 Swimming kinematics and trail structure
The measured average size of the organisms were lD = 2.0 mm, 3.2 mm, and 3.5 mm in the
ascending order of age groups. For each age group, four measurements of each swimming pattern
were analyzed, hence, 36 trajectories were analyzed in detail (Table 2.1). The mean swimming
velocity of the daphnids increased with increasing organism size from uD = 15 to uD = 24 mm/s,
resulting in ReD = 32 . . . 84.

The observed flow fields in the hydrodynamic trails had two possible configurations differing
in the directions of current velocity in the trail relative to swimming velocity of the daphnids. An
actively swimming daphnid generates a propulsive jet, which is directed opposite to its swimming
direction. Fluid drag acting on passively drifting Daphnia, on the other hand, generates a fluid
wake, with flow velocities in the direction of daphnid motion. Both flow fields are exemplified
in Video A.1 of the supplementary information. In both configurations, the trail can be described
as a unidirectional and axisymmetric flow structure of cylindrical shape (see animated velocity
distribution in the jet behind an upward swimming Daphnia in Video A.2 of the supplementary
information). 50% of analyzed flow structures were wakes, and 50% jets (Table 2.1), irrespective
of the pattern of swimming.

The mean trail diameter in our observations was dtrail = 1.1±0.5 cm and did not vary withReD
(Table 2.1, Figure 2.5A). The observed trail lengths varied over more than one order of magnitude
also within the three size groups. For the largest animals considered in the study (i.e., ReD > 60),
trail length exceeds the trail diameter approximately by a factor of ten. As shown in Figure 2.5, in
particular the long trails of the largest organisms reach the lengths predicted by similarity scaling
of laminar trails behind a translating sphere (Equation 2.6, Figure 2.5A). Increasing trail lengths
lead to strongly increasing trail volume with increasing Reynolds number (Figure 2.5B). Observed
trail volumes (Vtrail) vary over two orders of magnitude and reaches up to 10−5 m3, corresponding
to about 500 times the body volume of the largest daphnids. While trail volume increases with the
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Table 2.1: Summary of analyzed data and results. Note that for the limited number of our ob-
servations, the chosen swimming patterns exhibited no systematic dependence with hydrodynamic
quantities analyzed. Therefore, only the mean values of all quantified parameters irrespective of
swimming pattern are presented with standard deviations within parentheses).

Age (days) 5 20 35
Size (10−3m) 2.0 (±0.056) 3.2 (±0.11) 3.5 (±0.18)
Speed (10−3ms−1) 15.4 (±3.5) 18.2 (±4.8) 23.6 (±4.4)
Reynolds number 32 (±7.1) 58 (±15.2) 84 (±15.8)
No. of observations (wakes, jets) 12 (4, 8) 12 (7, 5) 12 (7, 5)
Cruising (wakes, jets) (0, 4) (3, 1) (2, 2)
Hopping and sinking (wakes, jets) (1, 3) (1, 3) (1, 3)
Looping (wakes, jets) (3, 1) (3, 1) (4, 0)
Mean trail volume (10−7m3) 5.3 (±4.4) 10 (±16.6) 60 (±31)
Mean trail length (10−3m) 8.6 (±6.7) 14.1 (±16.2) 56.3 (±25.6)
Mean trail diameter (10−3m) 10.0 (±4.4) 9.5 (±1.3) 12.9 (±7.6)
Mean dissipation rate (10−6Wkg−1) 3.4 (±3.5) 2.4 (±1.9) 1.8 (±1.2)
Mean total dissipated power (10−9W) 1.3 (±1.0) 1.3 (±0.9) 10 (±6.5)

third power of Reynolds number (Figure 2.5B), no systematic dependence of trail dimension on
flow configuration in the trail (wake or jet) or swimming pattern could be observed (Figure 2.5A).

2.3.2 Trail energetics
Trail-averaged viscous dissipation rates varied between 1.8 × 10−6 W/kg and 3.4 × 10−6 W/kg
(Table 2.1). Similar to trail diameter, dissipation rates show no systematic dependence on Reynolds
number, flow configuration, or swimming pattern (Figure 2.6A). As a result of increasing trail vol-
ume, total dissipated power within the trail, however, is increasing with Reynolds number (Figure
2.6B). Observed magnitudes of total dissipated power within the trail of the swimming daphnids
varied between 1.3 × 10−9 W and 1 × 10−8 W. For our observations, the total dissipated power
estimated according to Huntley and Zhou (Equation 2.3) provides a lower bound while the same ap-
proach applied to spherical organisms moving at intermediate Reynolds numbers (Psphere, Equation
2.4) provides an upper bound (Figure 2.6B).

To assess the consistency of observed trail dimension and dissipated power, we estimated the
length of an axis-symmetric trail of dtrail and of mean longitudinal velocity uD, which is subject
to viscous friction. Under these conditions, the power dissipated in the trail Ptrail is equal to the
product of viscous force acting on the cylindrical surface area of the trail and mean current velocity
within the trail (Ptrail = F ·uD = (πd2trail/2) · η · (u2D/dtrail)). Ptrail can further be expressed as the
mean dissipation rate in the trail εtrail times trail volume (ε = Ptrail · V −1 = Ptrail · (ρ · (πd2trail/4) ·
l)−1), resulting in a relationship between trail length ldiss and mean kinetic energy dissipation within
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Figure 2.5: Observed trail dimensions vs. Reynolds number. (A) Observed trail length (squares)
and trail diameter (triangles) vs. Reynolds number. Distinct colors of square markers indicate dif-
ferent age groups (cyan-5 days, red-20 days, and black-35 days). Daphnia length (green lines) and
the length of corresponding sphere wakes (Equation 2.4) are shown for mean Reynolds number of
the three age groups. (B) Observed trail volume vs. Reynolds number. Symbol color indicates age
group, filled markers represent wakes and open markers jets. Distinct swimming patterns are indi-
cated by square (cruising), triangle (hopping and sinking), and circle (looping). The line represents
a proportionality to the Re3.

Figure 2.6: Trail-averaged viscous dissipation rates and total dissipated power within the trail
vs. Reynolds number. (A) Trail-averaged viscous dissipation rates (total dissipated power / trail
volume) vs. Reynolds number. Distinct colors indicate age groups (cyan-5 days, red-20 days, and
black-35 days), filled markers represent wakes and open markers jets. Different swimming patterns
are indicated by square (cruising), triangle (hopping and sinking), and circle (looping). (B) Total
dissipated power within the trail vs. Reynolds number. Colors indicate age groups. The blue line
shows dissipated power estimated according to Huntley and Zhou (2004) (Equation 2.3), and the
orange line the modified approach for a sphere (Equation 2.4).
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Figure 2.7: Trail length ldiss estimated from observed dissipation rates (equation 2.6 ) vs. observed
wake length ltrail. Distinct colors of square markers stand for age groups (cyan-5 days, red-20 days,
and black-35 days) and the line represents a 1:1 relationship.

the trail:

ldiss =
2η · u2D

ε · ρ · π · dtrail
(2.6)

Trail lengths estimated from Equation 2.6 using measured dissipation rates and trail diameter
dtrail indicate a similar order of magnitude with observed trail lengths and also reproduce its depen-
dence on Daphnia Reynolds number (Figure 2.7).

2.4 Discussion

2.4.1 Swimming speed, jets and wakes
Huntley and Zhou (2004) have analyzed the hydrodynamics of swimming by 100 marine species
ranging in size from bacteria to whales and found close empirical relationships between organism
Reynolds number and cruising (uc), and escape (ue) swimming speeds, respectively. These relation-
ships have been converted to functions of body size by Kunze (2011), resulting in uc = 3.23 · l0.83
and ue = 7.76 · l0.53. While having body length in between those of copepods and krill, the ob-
served swimming velocities of Daphnia closely follow the relationship for cruising speed, (Figure
2.8A). The close correspondence to uc is expected, because escape behavior was not observed in
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Figure 2.8: Comparison of Daphnia with other zooplankton. (A) Comparison of swimming speed.
Regions forRe > 1 andRe > 100 are denoted by light and dark pink colors. Lines show the empir-
ical relationships for cruising and escape speeds for aquatic organisms as a function of organism
size obtained by Huntley and Zhou (2004). Labeled boxes in color indicate the range of organism
size and swimming speed for three zooplankton species considered in the analysis of Huntley and
Zhou, as well as the present results for Daphnia (figure adopted from Kunze (2011) with modifi-
cations). (B) Comparison of total dissipated power of Daphnia with empirical estimates for other
zooplankton (Huntley and Zhou, 2004). Labeled colored boxes indicate the range of organism size
and dissipated power. Shaded area indicates a potential domain for dissipated power (Pdiss) of
kinetic energy produced by swimming zooplankton of different size.

our measurements. Nevertheless, daphnids are capable of performing escape reactions by increasing
antenna beat frequencies up to five-fold (up to 23 Hz (Kirk, 1985)).

The hydrodynamic footprint of Daphnia can either be a propulsive jet, which is generated by
antenna motion and entrainment of ambient fluid (Gries et al., 1999; Kirk, 1985), or it can be a
wake of fluid dragged behind the translating body (Leal, 1980). Although the direction of the
current velocity relative to the direction of body translation (swimming direction) is reverse, we use
the term trail for both flow configurations. Irrespective of the pattern of swimming, each age group
exhibited an almost equal distribution of wakes and jets in our observations.

The direction of the trail does not yield a distinct pattern in the distributions of trail volume,
dissipation rate, or total dissipated power. These findings indicate similar duration of time periods
of active propulsion and of inertial or gravitational movement, as well as a comparable momentum
balance between the traversing organism and their trail under both conditions. The direction of flow
in the hydrodynamic footprints of Daphnia therefore does not provide directional information for
locating the organism and potentially reduces the risk of predation. However, the exact informa-
tion about the nature of a predator’s perception of hydrodynamic cues is not known, therefore, the
intensity of the signal may still provide guidance to the source.
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Our Video A.2 shows that a body vortex is formed around the body of the swimming Daphnia.
Though the analyses of these vortices are beyond the scope of our work as we focused on the far-
field, formation of similar vortex rings have been observed for other organisms and spheres (Jiang
and Kiørboe, 2010; Yen and Strickler, 1996; Fields and Yen, 1997). In the case of repositioning
jump made by copepods, two counter-rotating viscious vortex rings are formed in the wake and
around the body of the copepod (Jiang and Kiørboe, 2010). Shedding of conspicuous vortices during
escape jumps of copepods have also been reported elsewhere, copepod mechanoreceptors can detect
jet-like wakes produced by their preys during escape hops in the vortex flow field initially created
by copepods (Yen and Strickler, 1996). In a separate study, the flow vorticity produced in a feeding
current by copepods increases along the antennae (Fields and Yen, 1997).

2.4.2 Trail size and energy dissipation
Our results for the trail dimensions are in good agreement with the empirical estimations suggested
by Gries et al. (1999). Using their empirical formulae provided for the trail volume at the lowest
density gradient (3 kgm−4) that they have used and considering a fully developed trail (i.e. after
6 s of the trail evolution) of Daphnia having a length of 2.12 mm, the trail volume is approxi-
mately 4 × 10−7 m3. This is closely comparable to the mean trail volume estimated in our study
(5.3 × 10−7 m3) for Daphnia with 2 mm length (Table 2.1). Similarly, the trail length estimated
using the empirical formulae by Gries et al. (1999) for the same density gradient is about 8.3 mm
whereas our estimations yielded a mean trail length of 8.6 mm (Table 2.1) for similar Daphnia size.
However, the estimations using the approach by Gries et al. (1999) should still be corrected to avoid
underestimating the trail dimensions, because their lowest density gradient is still large. Assuming
that the maximum length of the trail remains constant at gradients less than 1 kgm−4 (Gries et al.,
1999), trail length is about 10.6 mm at smaller gradients which overestimates our estimations of
the mean trail length by a factor of 1.2. The discrepancy can be attributed to the different species
((Gries et al., 1999) used Daphnia pulicaria), larger fluctuations of trail length at gradients less than
1 kgm−4, and other unknowns.

With increasing Reynolds number, an increasing fraction of power is dissipated at scales signif-
icantly exceeding the size of the organism. For the observed range of Reynolds number, our results
indicate that the length of the trail increases whereas the width of the trail remains approximately
constant. This is in accordance with velocity scaling in a laminar sphere wake (Wu and Faeth,
1993), which predicts that velocity perturbations decrease exponentially in the radial direction and
reciprocally along the centerline of a wake. Increasing trail length, due to increasing inertia of the
displaced fluid at higher Reynolds number, results in an increase of the fraction of power dissipated
in the trail. The category of swimming pattern or the trajectory of swimming neither affects the size
nor the energetics of the trails.

Our measurements did show similar dissipation rates of kinetic energy for the different patterns
of swimming. While trail sizes and energetics being independent of swimming patterns may be
ascribed to the unique propulsion mechanism of Daphnia (beating their antennas), it still poses the
question why organisms choose different swimming patterns. In addition to dissipate energy, the
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organisms need to perform other functions that may demand to differ their trajectories. In order
to seize a patch at a faraway distance, organisms may need to cruise to travel a greater distance
within a short time (Kiørboe, 2007). Moreover, cruising may also help to evade slower moving
predators. Looping may be required to search for a good food patch in the neighborhood of the
organism and remain in the patch during its area-restricted food search (Price, 1989; Tiselius, 1992;
Woodson and Mcmanus, 2007). Looping can be additionally useful to escape from predators that
largely rely on linear perception. Hop and silent sinking may need to perform evasive actions to
evade mechanoreceptive predators.

Total dissipated power measured in the trail of swimming daphnids exceeds the estimates of
Huntley and Zhou (2004) by one to two orders of magnitude (Figure 2.8B). Also, the total dissi-
pated power estimated by Huntley and Zhou (2004) for different zooplankton species along with the
total dissipated power measured in the trail of swimming daphnids provide a potential likelihood
region of dissipated power for zooplankton (Pdiss in Figure 2.8B), and the total dissipated power
measured in the trail of swimming daphnids exceeds the smallest zooplankton species considered
by about 10 orders of magnitude. Applying the theoretical approach of Huntley and Zhou to a
moving sphere, instead of a flat plate, and using a drag coefficient which takes low-Reynolds num-
ber effects into account (Psphere, Equation 2.4), results in much higher estimates of power (Figure
2.6B). It should be noted, that our measurements, which result in power estimates in between those
of Huntley and Zhou (2004) and Psphere, did not resolve the entire power dissipated in the flow
field due to limitations in resolving velocity gradients in close proximity of the organism. Particu-
larly at low Reynolds numbers, most of the energy is dissipated in close proximity of the organism.
Hence, our measurements potentially underestimate total dissipated power and energy expenditure
of swimming daphnids. However, they provide estimates of power, which is dissipated at larger
spatial scales, exceeding the size of the animal by more than a factor of ten.

Mean volume, dissipation rate and total dissipated power of the 5 and 20 days old daphnids
in the current study correspond to the values Noss and Lorke (2012) observed in the trail of an
approximately 4 mm large Daphnia magna swimming in a weak density stratification of dρ/dz =
−0.7 kgm−4. Although Gries et al. (1999) observed that a weak stratification (dρ/dz ≤ 1 kgm−4)
has negligible effects on the trail length of swimming Daphnia, the density stratification in Noss and
Lorke (2012) might be the main reason for the difference in comparison to our values obtained for
the 35 days old daphinds. Numerical simulations of Ardekani and Stocker (2010) revealed that the
flow field and fluid transport generated by similar sized organisms is affected also by weak density
stratification.

2.4.3 Implications for biomixing
The significance of zooplankton-induced fluid motion for vertical mixing of density-stratified wa-
ters at larger scale has been the subject of a recent scientific debate. While different modeling
approaches suggest significant contributions to energy production (Dewar et al., 2006; Huntley and
Zhou, 2004) and also fluid mixing (Katija and Dabiri, 2009; Leshansky and Pismen, 2010), par-
ticularly the latter has been questioned based on scaling arguments (Kunze, 2011; Visser, 2007).
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These arguments were based on the assumption that the spatial extent of the hydrodynamic distur-
bances produced by zooplankton is comparable to organism size. This assumption is only valid for
low Reynolds number flow (i.e. Re << 1). The turbulent drag law applied by Huntley and Zhou
(2004), in contrary, is only valid for high Reynolds number flow (Re >> 1). Swimming of most
zooplankton organisms, however, is associated with Reynolds numbers in the transitional range
(Yen, 2000; Duren et al., 2003; Borazjani et al., 2010), where both approaches are not valid. Our
measurements show that in the hydrodynamic trails of Daphnia, kinetic energy is dissipated at rates
even exceeding current estimates. This finding indicates that more detailed numerical simulations of
fluid transport by swimming organisms obtained for Stokes flow (Dabiri, 2010; Doostmohammadi
et al., 2012; Eames et al., 1994) (neglecting fluid inertia and trails) cannot unrestrictedly be applied
to Daphnia and potentially other zooplankton species swimming at intermediate Reynolds number.

Enhanced dissipation rates were observed at spatial scales about 10-fold larger than the size of
the organisms. Kinetic energy dissipation is associated with current shear, which also enhances
small-scale gradients of dissolved substances. The corresponding mixing, i.e. the dissipation rate of
concentration variance by molecular diffusion, can be described by an apparent (eddy) diffusivity.
The quadratic dependence of eddy diffusivity on the size of fluid disturbances (Kunze, 2011) results
in a 100-fold increase of diffusivity and scalar mixing rates if the size of the hydrodynamic trail
instead of the commonly (Kunze, 2011; Visser, 2007) applied organism size is considered. Because
molecular diffusivities of dissolved substances are about three orders of magnitude smaller than the
diffusivity of momentum, concentration variance is dissipated more slowly than velocity variance.
This results in larger dimensions of the trail behind the swimming organisms if it is defined based on
concentration measurements. Using a fluorescent tracer, Noss and Lorke (2014) have estimated the
size of the trail behind swimming daphnids in terms of dissipation rates of concentration variance
to be between 1 and 13 × 10−5 m−3, about one hundred times larger than the hydrodynamic trails
observed in the present study. The relevant size of the hydrodynamic trail is defined by the particular
context and can be expected to differ strongly, e.g., for hydromechanical and chemical signaling.
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Abstract

Motile zooplankton generally needs to make a trade-off between efficient swimming, feed-
ing, and leaving hydrodynamic traces that may be detected by predators. Achieving this
balance can be challenging in the presence of turbulence. Therefore, an important ques-
tion is to what extent zooplankton can respond to increasing turbulence by adapting their
swimming behaviour and kinematics? We quantify the influence of turbulence on swim-
ming kinematics and the energetics of the resulting flow field using Daphnia swimming
in a range of turbulent environments with energy dissipation rates ranging between 10−8

m2s−3 and 10−4 m2s−3. We show that at the turbulent intensities Daphnia are likely to en-
counter in their natural habitats (10−8 m2s−3 -10−6 m2s−3), they increase their swimming
activity and speed in response to increasing turbulence. Increasing turbulence intensity to
unrealistically high values (10−4 m2s−3), they begin to withdraw from active propulsion
at a threshold level of about 10−6 m2s−3. In the intermediate range of turbulence (10−7

m2s−3-10−6 m2s−3), kinetic energy dissipation rates in the vicinity of the organisms are
consistently one order of magnitude higher than in the background turbulent flow.
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3.1 Introduction
Zooplankton plays a vital role in the food webs of both freshwater and marine ecosystems. They
are exposed to fluctuations of their physical environment at a broad range of spatial and temporal
scales (Crossland et al., 2005; Kiørboe, 2011) that often test the tolerance of these organisms to
the limit (Carrasco et al., 2013). Among the environmental conditions, turbulence is a consistent
hydrodynamic feature of all aquatic ecosystems (Thorpe, 1985; Wüest and Lorke, 2003).

To understand the interaction between zooplankton and physical processes in aquatic ecosys-
tems the effects of turbulence on zooplankton swimming have been studied by means of laboratory
experiments (Alcaraz et al., 1994; Saiz et al., 2003; Fuchs et al., 2013), field measurements (Visser
and Stips, 2002; Maar et al., 2003), and numerical simulations (Mackenzie et al., 1994; Zhan et al.,
2014). A substantial amount of effort has so far been made to understand how turbulence in aquatic
ecosystems affects swimming behaviour (Haury et al., 1992; Prairie et al., 2012), predator-prey en-
counter rates (Rothschild and Osborn, 1988; Mackenzie et al., 1994), feeding patterns (Saiz and
Kiørboe, 1998), metabolism (Saiz and Alcaraz, 1992; Alcaraz et al., 1994), and growth rates (Al-
caraz et al., 1988; Saiz et al., 1992), although these studies have not essentially yielded consistent
results as discussed below.

The majority of existing studies were focused on behavioural responses of marine copepods to
varying turbulence intensities (Granata and Dickey, 1991; Saiz and Kiørboe, 1998; Saiz et al., 2003).
While some previous studies have used undefined turbulence intensities (Oviatt, 1981; Alcaraz et al.,
1988), copepods exposed to a range of turbulent energy dissipation rates (5×10−6-1.5×10−5 m2s−3)
indicated a potential three-fold energetic gain in turbulence in comparison to non-turbulent con-
ditions at low food concentrations (Marrasé et al., 1990). Several other studies have suggested
threshold levels for the dissipation rate of turbulent kinetic energy at which copepods begin to avoid
turbulence (10−6.5 m2s−3 (Incze et al., 2001), 10−7 m2s−3 (Pringle, 2007)). For a range of turbulence
(3.8×10−8 - 1.1×10−4 m2s−3) copepod Temora longicornis showed an increase in escape response
with increasing turbulence, and their swimming patterns exhibited a strong adaptation to highly tur-
bulent environments (Seuront et al., 2004). Yen et al. (2008) showed that copepods could control
their position and movements at low turbulence intensity and their movement was dominated by
passive displacement at higher turbulence intensity while the transition occurred at a dissipation
rate of 9×10−7 m2s−3. Further strengthening the argumentation that zooplankton have an optimum
fitness level under turbulent conditions, Visser et al. (2009) found a dome-shaped relationship be-
tween copepod swimming activity and ambient turbulence intensities. According to their findings,
the zooplankton fitness starts to reduce swimming activity at a turbulence level about 10−4 m2s−3

which they attribute to a behavioural change from cruise to ambush feeding. This dome-shaped
relationship may affect the vertical distribution of organisms. Because, as turbulence increases, pre-
dation risk increases more than foraging benefit (Visser et al., 2009), downward migration to lower
turbulence intensities can reduce the predation risk at a marginal decrease in ingestion rates due to
decreasing prey concentration.

A recent study demonstrated that active swimming contributed substantially to the swimming
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velocity of copepods even when turbulence is significant (Michalec et al., 2015). Webster et al.
(2015) investigated the response of two copepod species in two turbulence levels with mean dissi-
pation rates of turbulence (9×10−7 m2s−3 and 9.6×10−6 m2s−3) and found that Acartia tonsa did
not significantly responded to the lower turbulence level but significantly altered their swimming
behaviour in the higher turbulence level by increasing the relative speed of swimming. In contrast,
T. longicornis did not indicate a behavioural response to both levels.

In addition to zooplankton, meroplankton (mainly marine vertebrate larvae) have been reported
to trigger changes in larval swimming behaviour actively or passively in response to turbulence (Roy
et al., 2012). Fast swimming larvae crab zoea observed to actively change their swimming speeds
(Welch and Forward, 2001) while barnacle cyprids opposed downwelling currents by swimming
upwards (DiBacco et al., 2011). Moderately fast swimming oyster larvae has shown to sink (Fuchs
et al., 2013) or swim upward (Wheeler et al., 2013; Fuchs et al., 2015; Wheeler et al., 2015) in high
turbulence. At turbulence intensity equivalent to the kinetic energy dissipation rate of 10−6 m2s−3,
an active upward swimming of sand dollar and a passively stable swimming of purple sea urchin
have been observed (McDonald, 2012). Sea urchin exposed to two levels of turbulent dissipation
rates (9×10−9 m2s−3 or 4×10−7 m2s−3) showed that under no flow and low turbulence conditions,
animals moved towards the water surface whereas in high turbulence, larvae were passively trans-
ported with the flow (Roy et al., 2012). Some studies suggested that increasing turbulence enhances
larval settlement (Fuchs et al., 2015), whereas others observed a reduced settlement in scallop lar-
vae (Pearce et al., 1998). Among various other studies that have reported an active response of
larvae to turbulence; larval boat snails Crepidula fornicata increased upward swimming with in-
creasing turbulence level (Fuchs et al., 2010), and larval eastern oysters Crassostrea virginica dived
in the presence of high fluid acceleration over short time spans (Wheeler et al., 2015). Turbulent
shear has been suggested to provide habitat-scale cues for larval settlement of sea urchin (Gaylord
et al., 2013), and can induce cloning by fragmenting individuals in coral larvae (Heyward and Negri,
2012).

Less is known about how turbulent flows affect the swimming and energetics of freshwater
zooplankton. Daphnia, commonly known as water fleas, adults range in size from 0.2 mm to 1
cm, are a freshwater zooplankton found in ponds and lakes (Ebert, 2005). They use a pair of
stretched appendages and erected swimming hairs during its power stroke while appendages and
hairs are concurrently folded and collapsed during its recovery stroke. The forward propulsive force
is achieved by beating the appendages at frequencies of 3-5 Hz (Gries et al., 1999), but the rate can
increase up to 23 Hz during escape reactions (Kirk, 1985). During each stroke, Daphnia produce
a peak displacement in the order of the Daphnia radius. Daphnia exhibit distinctive swimming
patterns in calm water, namely; cruising, hop and sink, and looping (Wickramarathna et al., 2014).

A few studies have focused on understanding behavioural changes of Daphnia in the presence
of turbulence (Brooks, 1947; Alcaraz et al., 1994; Laforsch and Tollrian, 2004). Spitael (2007)
observed that Daphnia magna tolerated higher levels of turbulence to remain in the oxygen-rich
surface zone. Seuront et al. (2004) investigated swimming speed and behaviour of Daphnia puli-
caria for a range of turbulent dissipation rates (3.8×10−8 m2s−3 - 1.1×10−4 m2s−3) and found
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increased escape responses with increasing turbulence.

Thus, despite a number of investigations on zooplankton and meroplankton swimming in turbu-
lence, the extent to which they adapt their swimming behaviour or avoid turbulence often remains
ambiguous. This ambiguity can mainly be attributed to experimental methods which have largely
focussed on the analysis of organism behavioural change, while observations of actual flow fields
were neglected. Only a few studies have deployed simultaneous measurements of organism swim-
ming and the flow field around the organisms (Yen et al., 2008; Adhikari et al., 2015; Michalec
et al., 2015).

A previous study showed that among zooplankton species, Daphnia exhibited swimming speeds
exceeding those of copepods and krill (Wickramarathna et al., 2014) in still-water. Turbulence en-
hances Daphnia metabolism, as indicated by 14.3% increase in heart rate compared to calm water
conditions (Alcaraz et al., 1994). This suggests that Daphnia may be more resilient and can poten-
tially enhance their swimming activity in response to turbulence. Therefore, we hypothesize that
Daphnia intensify their swimming activity in response to increasing turbulence up to a threshold,
beyond which, the animals gradually withdraw from active swimming.

Here we analyse laboratory observations of Daphnia swimming in turbulent flows of different
intensity. We follow a novel approach of simultaneously obtaining time-resolved trajectories and
the flow field around planktonic organisms (Adhikari et al., 2015). The measurements resolve both
behavioural changes in animals’ motility and the corresponding characteristics of the turbulent and
animal-induced flow fields, which allow for direct estimates of dissipation rates of turbulent kinetic
energy.

3.2 Materials and Methods

3.2.1 Experimental set-up
Experiments were conducted in a laboratory tank with a length, width, and water depth of 3 m,
0.36 m and 0.4 m respectively (Table 3.1). Turbulence was generated by horizontal oscillations of a
rigid grid (35 cm × 35 cm) with a stroke amplitude of 10 cm. The grid had vertical and horizontal
bars of 1 cm thickness with a mesh size of 4.5 cm × 4.5 cm, resulting in a solidity of 40%. The
distance between the tank’s bottom and the bottom most edge of the grid was 2 cm. Grid oscillation
was driven by an electric motor and experiments were conducted without turbulence and at four
different turbulence levels, referred to hereafter as TL0 (grid-turbulence generator switched off),
TL1, TL2, TL3, TL4.

For organism tracking, the tank was illuminated from below using a dimmable natural white
Light-Emitting Diode (LED)-panel. Light intensity was adjusted (454 lm) to provide sufficient il-
lumination for organism tracking. Swimming trajectories of daphnids were observed using two
orthogonally mounted Charge Coupled Device (CCD)-cameras (FlowSense4M, Dantec Dynamics,
2048 × 2048 pixels, 8 bit grey-scale resolution) (Fig. 3.1). Tracking cameras captured images
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Table 3.1: Summary of experimental data.
Tank Length ×Width ×Water depth 3 m × 0.36 m × 0.4 m

Grid

Width × Height 35 cm × 35 cm
Mesh size 4.5 cm × 4.5 cm
Bar size (vertical and horizontal) 1 cm
Stroke amplitude 10 cm

Tracking
Volume 14 cm × 14 cm × 16 cm
Luminous flux 454 lm

PIV data

Field of view 14 cm × 14 cm
Spatial resolution 1.12 mm × 1.13 mm
Temporal resolution 0.135 s
Interrogation window 32 × 32 pixels
Light sheet thickness 5 mm
Tracer particle size (diameter) 20 µm

Daphnia

size 2.9±1.0 mm
Number of organisms 75-100
Initial acclimatization time (light) 20 min
Acclimatization time (at each turbulence) 20 min

within a volume 14 cm × 14 cm × 16 cm. In combination with the tracking cameras, we used two
additional CCD cameras for simultaneous measurements of the three-dimensional flow velocities
using stereoscopic Particle Image Velocimetry (PIV). The velocities were measured within a verti-
cal plane located in the centre of the tank. The plane was illuminated by short laser pulses (model:
Litron Nano L 200-15 PIV double pulse laser, wavelength: 532 nm, pulse duration: 4 ×10−9 s,
light sheet thickness: 5 mm with Gaussian intensity distribution), and the displacement of neutrally
buoyant seeding particles (20 µm diameter polyamide particles, Dantec Dynamics) was observed
from two different perspectives (Fig. 3.1). Based on our former investigation (Table S1 in Wick-
ramarathna et al. (2014)), we do not expect the swimming behaviour of daphnids to be affected by
the green laser light. The PIV field of view covered 14 cm × 14 cm , and the spatial and temporal
resolution of the final velocity estimates were 1.12 mm × 1.13 mm and 0.135 s respectively. The
two PIV cameras captured image pairs during the exposure of the double-pulse laser, while the two
tracking cameras captured images during the time window in which the laser light was off. Video
B.1 (provided in the supplementary information) exemplifies a sequence of raw images illustrating
passive tracer particles and a Daphnia swimming in turbulence. The timing of laser pulses and im-
age acquisition of all four cameras were controlled using Dantec Dynamicstudio software (version
4.00).

3.2.2 Organisms and measurements
Test organisms, Daphnia magna, were cultured following standard regulatory requirements (OECD,
2004), and transferred to a separate vessel with an adequate supply of algae and a similar medium
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Figure 3.1: A three-dimensional depiction of the experimental set-up (not to scale). Turbulence is
generated in a tank by a longitudinally oscillating grid, and the interrogation volume is shown by
the shaded volume in the middle of the tank. The grid translation is indicated by the double-sided
arrow at the grid, the grid-translation mechanism is not shown.

as in the test tank prior to measurements. For the measurements, groups of 75-100 individuals of
mixed sizes (2.9±1.0 mm in length) were put into the tank and allowed to acclimatise to the light.
Estimates of core body length (head to the proximal end of the caudal spine (Ranta et al., 1993))
were based-on recorded images from the tracking cameras. The relatively low organism densities
were chosen for two reasons: (1) the applied tracking algorithm fails to identify organisms which
overlap in any camera perspective and if individuals disappear for longer time periods (Noss et al.,
2013b), and (2) we strictly intended to observe individual swimming of animals, which are not
affected by neighbours in dense animal groups or swarms.

At a distance of 60 cm from the oscillating grid (measured between the centre of the grid’s stroke
length and the centre of camera field of view) Daphnia tracks and flow velocities were recorded at
7.4 Hz for at least 1.5 min at selected turbulence intensities. Turbulence was increased from TL0, in
four increments, with a 20 min pause in measurements to allow for flow stabilisation and acclimation
of the animals, after each increment.
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3.2.3 Data analysis
Swimming trajectory and speed

Three-dimensional swimming trajectories of daphnids within the field of view of the tracking cam-
eras were reconstructed using the algorithm described by Noss et al. (2013b), which identifies the
centroids of daphnias in each image and camera perspective and determines the 3D coordinates of
the organisms. Only continuous trajectory fragments of individual organisms that were observed
for more than 1.3 s were considered. The detection and tracking of the organisms was not affected
by the presence of the PIV tracer particles, which were only observable during laser illumination,
when no tracking images were recorded. Instantaneous swimming speeds were estimated from the
distance travelled within each 0.135 s along the observed trajectories. Mean swimming speeds were
estimated by averaging instantaneous speeds over the entire trajectory of about 20 subsequent po-
sitions. The estimated swimming speeds represent the sum of both organism swimming velocity
and advection of the organism by fluid motion. Swimming trajectory convolution was character-
ized from the Net to Gross Displacement Ratio (NGDR) (Seuront et al., 2004b), and about 5-15
trajectories for each turbulence level were analysed.

To verify that the observed NGDR were the result of organism swimming and not passive ad-
vection with the turbulent flow, we additionally estimated the NGDR of PIV seeding particles using
the 2D particle tracking tool (Chenouard et al., 2014) in ImageJ. Twenty trajectories of seeding par-
ticles having a time span of 5.4 s were considered for each turbulence level. To compare the relative
importance of organism swimming behaviour over background flow, the motility number was esti-
mated for all turbulence levels. The motility number is defined as the ratio of observed swimming
speed to the root mean square of the turbulent velocities, and a motility value of greater than unity
suggests that behaviour dominates over turbulence (Gallager et al., 2004).

We performed a one-way analysis of variance (ANOVA) and a multiple comparison test to see
if the NGDR is significantly different among different turbulence levels and if they differ between
pairs of turbulence levels.

Vorticity and energy dissipation rate

Instantaneous current velocities (u, v, w) within the laser light sheet in x, y, and z directions (i.e.
horizontal, vertical, and transversal directions respectively) were obtained from stereoscopic PIV
analysis (Fig. 3.1). PIV images were processed using an adaptive correlation algorithm (Theunissen
et al., 2006) available in the DynamicStudio software using 32 × 32 pixels interrogation windows
with a 50% overlap. Outliers, which were mainly caused by the moving animals, were detected
using a universal outlier detection algorithm (Westerweel and Scarano, 2005) and removed.

Velocity gradients, estimated using a two-point central difference scheme, were used to calculate
the z component of vorticity (ω) (Fig. 3.1):

ω =
∂v

∂x
− ∂u

∂y
(3.1)
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The turbulent fluctuations of the current velocity were obtained by subtracting the mean velocity
from the measured instantaneous velocities. Dissipation rates of turbulent kinetic energy (ε) were
estimated from the fluctuating components (u′ , v′ , w′) in two different ways. In the first approach,
the dissipation rates were calculated from the of root-mean-square (r.m.s.) velocity fluctuations

(urms =
√
u′2 + v′2 + w′2)) following Taylor (Taylor, 1935),

ε = D
u3rms

l
(3.2)

WhereD is a constant (D = 1, according to Stiansen and Sundby (2001)), and l is the integral length
scale of turbulence (characteristic length scale representing the energy-containing turbulent eddies).
l increases with the distance from the grid (i.e. direction x in Fig. 3.1) (Thompson and Turner,
1975):

l = kx (3.3)

Where k is a constant (k = 0.1).

In the second approach, turbulent kinetic energy dissipation rates were directly calculated from
the gradients of fluctuating velocities (Steinbuck et al., 2010):

ε = ν
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(3.4)

With ν denotes the kinematic viscosity of water.

The Kolmogorov length scale (ηk) that represent the smallest eddies with which Daphnia may
interact was calculated as, ηk = (ν3/ε)0.25.

Log-averaged background energy dissipation rates (i.e. turbulence dissipation in the absence
of daphnids) were estimated for each turbulence level for the entire view field of the PIV cameras
and time periods of about 40 s. Maximum vorticity and log-averaged energy dissipation rates in
the vicinity of the swimming Daphnia were estimated for areas of 5 mm × 5 mm along selected
trajectories which remained within the laser light sheet. Due to high temporal fluctuations of flow
signatures in turbulence flows, we only used a few number of frames for estimating dissipation rates
induced by Daphnia (Table 3.2).

The fluid volume which contained velocity fluctuations caused by swimming Daphnia (i.e. trail
volume) was estimated using a threshold of energy dissipation rate of 5×10−8 m2s−3. The threshold
was chosen by considering the resolution and noise in our measurements at TL0. To compare trail
volumes between flow conditions, the same threshold was used. It should, however, be noted that
estimation of trail volume was only possible when background dissipation rate did not exceed the
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selected threshold. In each PIV image with a Daphnia crossing the light sheet, the trail cross-
sectional area was determined as the total area of dissipation rates exceeding this threshold. The
trail length was estimated as the product of the Daphnia swimming velocity and the time period
during which the dissipation rate of fluid disturbances was above the threshold. The trail volume
was estimated by integrating the measured (two-dimensional) dissipation rate distributions over all
three spatial dimensions (Wickramarathna et al., 2014).

3.3 Results

3.3.1 Turbulence intensities
The mean dissipation rates of turbulent kinetic energy increased with grid translation frequencies
(Fig. 3.2). Instantaneous (spatially-averaged) dissipation rates varied by more than one order of
magnitude at a given grid frequency. For all turbulence intensities, the gradient [equation (4)] and
Taylor [equation (2)] methods for estimating dissipation rates of turbulent kinetic energy yielded
mean dissipation rates which differed by up to a factor of 3.9 (Fig. 3.2). Because the Taylor method
was not applicable at TL0, the dissipation results based on the gradient method are considered in the
following sections unless specified. The mean values of the log-averaged dissipation rates at each
turbulence level were 6.4×10−8 m2s−3 (TL1), 2.8×10−7 m2s−3 (TL2), 1.8×10−6 m2s−3 (TL3),
and 5.8×10−4 m2s−3 (TL4) respectively. The mean values of log-averaged dissipation rates were
significantly different among all turbulence levels (p < 0.05).

3.3.2 Characteristics of swimming motility
Swimming behaviour

NGDR values of the analysed trajectories varied strongly, but had comparable mean values between
0.5 and 0.6 at the different turbulence levels (Fig. 3.3). This indicates that changing flow conditions
from no turbulence to high turbulence did not result in significant differences in the swimming tra-
jectories. Estimates of two-tailed p-values among turbulence levels varied between 0.4 and 0.9 at
95% confidence intervals. There were no statistically significant differences between group means
as determined by one-way ANOVA (F4,36 = 0.3, p = 0.87), indicating that NGDR did not signifi-
cantly differ between turbulence levels.

The NGDR of the trajectories of neutrally buoyant passive tracer particles varied from 0.5 at
TL0 to 0.8 at TL4 (Table 3.2). One-way ANOVA (F4,100 = 29.3, p < 0.00001) indicated that the
NGDR of tracer particles did differ significantly among turbulence levels.

The mean daphnid swimming speed increased with increasing turbulence intensity and exceeded
speeds observed in the absence of turbulence by 20 40% (Fig. 3.4A). The mean of the swimming
velocity component in the direction of grid oscillation (i.e. longitudinal) was close to zero (<
1.4 mm s−1) at low and medium turbulent levels (Fig. 3.4B), indicating that the grid-generated
turbulence did not create artificial bias in the swimming direction of the organisms.

33



CHAPTER 3 3.3. RESULTS

0.25 0.33 0.42 0.5 0.58 0.67 0.75 0.83
10−8

10−7

10−6

10−5

10−4

10−3

Frequency of grid oscillation (Hz)L
og

-a
ve

ra
ge

d
en

er
gy

di
ss

ip
at

io
n

ra
te

(m
2
s−

3
)

Gradient method
Taylor method

TL1 TL2 TL3 TL4

Figure 3.2: Energy dissipation rates induced by the oscillating grid at various oscillation frequen-
cies. Square symbols represent the mean log-averaged dissipation rates estimated using the gradient
method [equation 3.4] whereas those estimates using Taylor method [equation 3.2] are indicated in
filled circles. The blue shaded area shows the range of dissipation rate estimates (using the Taylor
method).

The motility number estimated for TL0, TL1, TL2, TL3, and TL4 were 36.8, 10.6, 7.2, 3.6, and
1.1 respectively suggesting a dominance of behaviour over flow.

3.3.3 Characteristics of induced flow field
Vorticity

Except at the highest level of turbulence, the magnitude of vorticity of the flow field in the vicinity
of the swimming daphnids increased with increasing turbulence (Fig. 3.5). The mean values of the
vorticity magnitude at TL0, TL1, TL2, TL3, and TL4 were 0.02 s−1, 0.08 s−1, 0.1 s−1, 0.2 s−1,
and 3.7 s−1 respectively (Table 3.2). Temporally and spatially averaged vorticity estimated away
from the organism within a smaller region (5cm x 5 cm) at TL0, TL1, TL2, TL3, and TL4 were
0.02 s−1, 0.08 s−1, 0.11 s−1, 0.2 s−1 and 3.6 s−1 respectively, indicating that vorticity estimated
considering the PIV field view and within a smaller region are comparable. We considered vorticity
as an indicator for swimming activity because Daphnia typically produce a mushroom-shaped pair
of vortices behind their body during active propulsion (Gries et al., 1999; Murphy, 2012). These
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Figure 3.3: Variation of average NGDR with turbulence level. The mean NGDR values at turbulence
levels are shown by the bars, and standard deviations are depicted by the error bars. The number
of observations associated with each turbulence level (n) are shown adjacent to the bars.

counter-rotating vortices were resolved in our measurements (Fig. 3.6). Besides magnitude, also
vortex size increased with turbulence (up to TL3), indicating that daphnids endeavour to respond
to increasing turbulence by active propulsion, as reported by Alcaraz et al. (1994). Reduced vortex
magnitude and spatial extent at TL4 (the highest turbulence level) indicates reduced swimming
activity of the organisms.

The maximum vorticity found to be significantly different among turbulence levels up to TL2
(p< 0.05) whereas the differences of maximum vorticity beyond TL2 were not statistically signifi-
cant (p >0.05).

Energy dissipation rate

At all turbulence levels (TL0-TL4), dissipation rates of kinetic energy in the vicinity of Daphnia
were consistently higher than the background turbulent flow dissipation rates (Fig. 3.7A). Video B.2
(provided in supplementary materials) shows colour maps of the background and Daphnia induced
dissipation rates as the organism passed through the laser light sheet. The relationship between the
background and Daphnia proximity dissipation rates, although close to linear, could be described
by a power law (εd = 10.5ε0.9b ) with a coefficient of determination of 0.94, Fig. 3.7B). To test if the
difference between the dissipation rates were caused by the different scales of spatial averaging, we
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Figure 3.4: Instantaneous swimming speed and longitudinal component of the swimming velocity.
(A) boxplot of the magnitude of the swimming velocity at different turbulence levels. Black asterisks
and circles represent the mean swimming speeds and turbulent velocities (urms), respectively. (B)
boxplot of the longitudinal component of the swimming velocity (u in Fig. 3.1). Median values are
marked by the red horizontal lines within boxes, and the boxes encompass the 25th (first quartile)
& 75th (third quartile) percentiles. Black whiskers mark the highest and lowest values of the data
that are within 1.5 times the inter-quartile range. Outliers (i.e. outside 1.5 times the inter-quartile
range) are indicated by crosses.

additionally estimated the dissipation rates of the background flow over a smaller volume (5 cm ×
5 cm). The resulting dissipation rates were 1.1×10−8 m2s−3, 5.6×10−8 m2s−3, 2.7×10−7 m2s−3,
1.7×10−6 m2s−3, and 4.4×10−4 m2s−3 for TL0, TL1, TL2, TL3, and TL4 respectively, which are
closely comparable to values obtained by averaging over the entire PIV field of view (Table 3.2).

The trail volumes, in which the dissipation rates were enhanced by swimming organisms, were
3.45 (±2.76)×10−7 m3 (for a Daphnia of size 3.5 mm) and 1.15 (±0.48)×10−7 m3 (for a Daphnia
of size 3.2 mm) at the turbulence levels of TL0 and TL1, respectively. At higher turbulence levels,
the trail volumes could not be estimated because the mean background dissipation rates exceeded
the threshold value (5×10−8 m2s−3) used for the trail identification.

Because the dissipation rate estimates are based on instantaneous observations of velocity gradi-
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Figure 3.5: Maximum vorticity induced by swimming animals at different turbulence levels. Stan-
dard deviations are depicted by the error bars.

ents, they were not affected by the PIV measurement frequency. To test if the spatial resolution was
sufficient to resolve energy dissipation rates at all turbulence levels, we estimated the Kolmogorov
microscales. The Kolmogorov micro scale for TL1, TL2, TL3, and TL4 were 1.9 mm, 1.3 mm,
0.9 mm, and 0.2 mm respectively. The spatial resolution of our measurements is nearly an order of
magnitude larger than the smallest microscale. Hence, the dissipation rate estimated for TL4 may
have potentially underestimated.

3.4 Discussion

3.4.1 Turbulence and zooplankton motility
Turbulence intensities used in early laboratory experiments with plankton were typically several
orders of magnitude greater than those encountered in natural habitats (Peters and Redondo, 1997;
Mann and Lazier, 2006), which hindered the extrapolation of observations to natural systems (Seu-
ront et al., 2004). However, more recent measurements particularly in coastal waters have suggested
that turbulence intensities were 1-2 orders of magnitude greater than highest values previously re-
ported (Mann and Lazier, 2006), which makes the turbulence levels used in laboratory measure-
ments comparable to the levels found in plankton habitats. In the natural habitats of Daphnia (lakes
or ponds (Ebert, 2005)), the major source of turbulence is wind (Wüest and Lorke, 2003), and the
depth-dependent turbulence dissipation rate can be estimated from wind speed using boundary-layer
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Figure 3.6: Vorticity generated by swimming Daphnia at different turbulence levels. Panels A-D de-
pict colour maps of Daphnia induced vorticity estimated at turbulence levels TL1-TL4, respectively.
The origin of the coordinate system was located at the approximate location of Daphnia. It should
be noted that the magnitude of the vorticity increased with increasing turbulence level (A-C) until it
faded away with very high perturbations in the flow at the highest turbulence level (D). The regions
of high vorticity in panels A, B, and C show pairs of counter-rotating vortices behind a Daphnia
which passed the light sheet.

scaling (Mackenzie et al., 1994) such that,

ε =
(5.82× 10−9u3w

z

)
(3.5)

where uw and z are wind speed and depth.
Assuming a mean residence depth of 2.5 m (Brosseau et al., 2012), Daphnia are likely to en-

counter dissipation rates corresponding to intermediate turbulence levels (TL1-TL3) in our experi-
ments (Fig. 3.8). TL3 corresponds to a wind speed of up to 10 m s−1, which already amounts to a
storm. Other than under breaking surface waves, it is very unlikely that daphnids would encounter
the high turbulence regime (TL4), which corresponds to wind speeds >40 ms−1.

In contrast to the distinct swimming patterns of Daphnia observed in still-water experiments
(Wickramarathna et al., 2014), the mean values of NGDR did not significantly differ between the
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Figure 3.7: (A) Mean dissipation rates and standard-deviations in the background turbulent flow
and in the vicinity of the swimming animals at different levels of turbulence. (B) Relationship
between mean turbulence dissipation rates and dissipation rate in the vicinity of the swimming
organism. The dashed line shows a power-law fit (εd = 10.5ε0.9b ).

different turbulence treatments in the present experiments. This observation is in accordance with
previous studies. Responses of three copepod species to a range of turbulence intensities (i.e. (0.2-
25)×10−6 m2s−3) showed that the NGDR of the swimming trajectories of the copepod T. longicornis
was not significantly affected by turbulence (Yen et al., 2008). In the range of turbulence produced in
laboratory (ε = 0.51.4×10−6 m2s−3), planktonic predators, ctenophore Mnemiopsis leidyi indicated
no significantly different NGDR between calm water and turbulence (Sutherland et al., 2014). Also
the NGDR of swimming trajectories of blue crabs (Callinectes sapidus) was observed to be almost
unaffected by bottom roughness (Jackson et al., 2007).

The mean NGDR of the tracer particles were comparable to those of Daphnia (Table 3.2). This
indicates that NGDR was not affected by active swimming or relatively high NGDR of the back-
ground flow did not permit to resolve NGDR of active swimming. It can also be argued that NGDR
of Daphnia being significantly unaffected in significantly different flows shows a persistence swim-
ming behaviour of Daphnia across turbulence levels. However, it is not appropriate to compare
NGDR of Daphnia and tracer particles, which are different in size, shape, density, and inertia ef-
fects because these differences affect how they behave in turbulent flows. It should be noted that
NGDR is scale-dependent, i.e., it differs depending on the physical or temporal scales at which it is
measured (Seuront et al., 2004b). Therefore, organisms behaviour at different turbulent levels could
not be unambiguously compared based on differences in NGDR.

The swimming speeds of Daphnia under turbulence were comparable to the swimming speeds
observed in still water (Wickramarathna et al., 2014) and generally agree with typical zooplankton
swimming speeds estimated using an empirical relationship with animal size obtained by Yamazaki
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Table 3.2: Kinematics of swimming Daphnia, tracer particles and energetics of flow perturbation.
ud: Observed swimming speed of Daphnia; NGDRd: Observed NGDR of Daphnia; NGDRtr: Ob-
served NGDR of tracer particles; urms: R.M.S velocity of the flow; εd: Daphnia induced dissipation
rate; εb: Background dissipation rate; ωd: Daphnia induced vorticity; ωb: Background vorticity.
Standard deviations are shown in parenthesis. *Number of frames used in the analysis are shown
in square brackets.

Flow Kinematics of Daphnia and
tracer particles

Energetics of flow perturbation

ud

(mms−1)
NGDRd NGDRtr Urms

(mms−1)
*εd (m2s−3) εb (m2s−3) ωd (s−1) ωb (s−1)

TL0 16.6
(±12.2)

0.53
(±0.27)

0.51
(±0.10)

0.45
(±0.01)

3.18×10−8 [5]
(±1.0×10−8)

1.14×108
(±0.0910−8)

0.43
(±0.04)

0.02
(±7.4×10−4)

TL1 21.1
(±10.8)

0.59
(±0.29)

0.54
(±0.08)

2.0
(±0.24)

9.93×10−7 [5]
(±5.26×10−5)

6.37×10−8

(±2.14×108)
3.05
(±1.9)

0.08
(±0.02)

TL2 22.2
(±9.8)

0.51
(±0.18)

0.61
(±0.05)

3.1
(±0.28)

9.37×10−6 [5]
(±4.93×10−4)

2.78×10−7

(±0.76×10−7)
6.03
(±4.4)

0.1 (±0.01)

TL3 20.6
(±12.8)

0.51
(±0.22)

0.65
(±0.07)

5.7
(±1.5)

2.57×10−5 [5]
(±1.3×10−4)

1.80×10−6

(±0.92×10−6)
9.37
(±9.0)

0.2 (±0.14)

TL4 23.0
(±9.8)

0.6
(±0.06)

0.8
(±0.14)

21
(±10.7)

3.50×10−3 [3]
(±6.79×10−2)

5.81×10−4

(±5.79×10−4)
7.21
(±3.8)

3.7 (±0.9)

and Squires (1996) for various organisms ranging from phytoplankton to fish.

Swimming zooplankton have been reported to be capable of overcoming water currents which
are exceeding their swimming speed under certain environmental conditions. For instance, in strati-
fied waters, estimates of swimming speeds of zooplankton showed that they can overcome small
scale turbulent velocity fluctuations encountered in their natural environments by swimming at
higher speed (Yamazaki and Squires, 1996) although experimental validation of this notion for
freshwater zooplankton such as Daphnia was lacking. Seuront et al. (2004) observed that daphnia
pulicaria can overcome flow velocities up to 2 orders of magnitude greater than their nominal swim-
ming velocity while this capability of copepod T. longicornis was up to 3 orders of magnitude, and
concluded that the motion of both organisms was independent of local turbulent conditions. How-
ever, their findings were not supported by simultaneous observations of organisms and flow. Genin
et al. (2005) also suggested that copepods are capable of overcoming flow velocities much greater
than their typical swimming speed. They tracked zooplankton at two coastal sites in the Red Sea
using a three-dimensional acoustic imaging system, which showed that the animals swam against
upwelling and downwelling currents moving at rates of more than ten body lengths per second to
maintain their depth. These former suggestions have been recently confirmed by Michalec et al.
(2015), who demonstrated that swimming contributes substantially to the dynamics of copepods
even when turbulence is significant, i.e. self-induced motion of the organisms is comparable to or
stronger than their typical swimming velocity.

In our experiments, the swimming speeds of Daphnia were much higher than r.m.s turbulent
velocities typical of natural habitats (i.e. TL1-TL3), but at higher turbulence levels (TL4), the
r.m.s turbulent flow velocity became comparable to mean swimming speed. The motility number
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Figure 3.8: Wind speed vs. dissipation rates of turbulent kinetic energy at 2.5 m depth. The dissi-
pation rate estimates in our experiments based on the Taylor method and on the gradient method
are shown by filled circles and square markers, respectively. The grey dashed line indicates the
functional relationship [equation 3.5]. The shaded regions show intermediate turbulence levels
(TL1–TL3) and high turbulence levels (TL3–TL4). It should be noted that Taylor method is not
applicable at TL0.

estimated suggests that the dominance of behaviour over flow reduces with increasing turbulence.
Therefore, unlike Copepods, Daphnia responded to strong turbulence by reducing their swimming
activity and therefore withdrew from active propulsion. The rate of energy dissipation at which
this transition in behaviour occurred (about ×10−6 m2s−3) was at least two orders of magnitude
smaller than the turbulent energy dissipation rate which was required to trigger escape reactions of
adult Copepods (Visser et al., 2009). This difference can be attributed to the fact that Copepods
commonly live in temperate shelf seas and are, therefore, adapted to stronger turbulence (Fields and
Yen, 1997).

Our methodological approach, however, did not consider a potential adaption of Daphnia to the
successively increasing turbulence intensity in our experiments. Because Daphnia showed no sig-
nificant differences in heartbeat rate when they were exposed to two alternate periods of calm and
turbulence flow conditions (Alcaraz et al., 1994), we assume that our findings are not affected by
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such short-term adaption. Respiration measurements conducted with Daphnia revealed that a de-
crease in respiration was only observed after 10-15 hours of reduced food concentration (Schmoker
and Hernndez-Len, 2003). Even if their measurements were not conducted in turbulence, this im-
plies that we are far below the time limit that Daphnia may start to starve, thus fatigue was unlikely
a major concern within the period of our experiments.

Moreover, we do not expect that the presence of PIV seeding particles may have affected the
swimming behaviour. This can be sufficiently addressed based on long-term tracking of Daphnia
swimming in calm water without seeding particles and TiO2 exposure (controlled group) conducted
by Noss et al. (2013b). In the controlled measurements, Daphnia with a mean body length of 2
mm indicated a mean swimming velocity of 10.3 mm s−1, and a linear relationship between the
mean swimming velocity and mean body length was proposed (dv/dL=4.41 s−1). Following this
relationship, for a mean body length of 2.9 mm used in the present study, the mean velocity of
Daphnia swimming in calm water would be 14.2 mm s−1. The mean velocity of Daphnia swimming
in polyamide particles seeded calm water (TL0) is 16.6 mm s−1.

The overestimation of swimming speed in the presence of seeding particles (TL0) over the case
without tracer particles may be attributed to differences in container size and number of individuals.
Noss et al. (2013b) used chambers with a side length of 8 cm in comparison to the larger tank in the
present work. A smaller container size has shown to underestimate swimming speed of Daphnia.
Daphnia magna in a smaller container showed a mean speed of 6.03 mm s−1 in comparison to
17.99 mm s−1 in a large tank (Dodson et al., 1997). And, our overestimation in the present study
could well be attributed to the number of individuals used (controlled group in Noss et al. (2013b)
included only ten individuals).

3.4.2 Hydrodynamic trails and ecological implications
Hydrodynamic trails

The kinetic energy dissipation rates in the vicinity of swimming Daphnia were consistently higher
than, and almost linearly related to, those of the background turbulent flow. The enhanced en-
ergy dissipation rate could be caused by kinetic energy production of the swimming daphnids, i.e.
by increasing antenna beating frequencies. Although we did not measure the antenna beating fre-
quency of animals (mainly due to lack of temporal and spatial resolution), it is unlikely that they can
increase the rate of energy production by several orders of magnitude. Alternatively, the Daphnia-
induced flow field could have caused increasing dissipation rates by disturbing the energy cascade
transporting kinetic energy from larger to smaller scales. The turbulence in our experiments was
mainly produced at the oscillating grid and decayed with increasing distance from it (De Silva et al.,
1994). Disturbance of the energy cascade by Daphnia-induced small-scale velocity perturbations
can be expected to lead to a stronger longitudinal decay of turbulence with increasing distance from
the grid. Therefore kinetic energy dissipation rates predicted by the Taylor method [equation 3.2]
would have underestimated the actual dissipation rate when Daphnia were present compared to the
measurements in the absence of Daphnia and in comparison to direct dissipation estimates from
small-scale current shear [equation 3.4].
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A third possible explanation for increasing dissipation rates in Daphnia trails with increasing
background turbulence is that the trails of the Daphnia, where the entire energy that they impart on
the surrounding fluid gets dissipated, was confined to smaller volumes with increasing turbulence
intensity. As a matter of fact we did not observe large trails, as in a previous still-water study
(Wickramarathna et al., 2014), in the presence background turbulence. In still water, the mean trail
volume varied between 5.3×10−7 m3 for Daphnia having a length of 2 mm, and 60×10−7 m3 for
Daphnia with a length of 3.5 mm. Although we did not specifically investigate the dependency
of animal size on trail volume, estimates of trail volume in calm water (TL0) and TL1 suggest a
reduction of trail volume in turbulent environments. At higher turbulence levels (TL2-TL4), the
fixed threshold-based approach for the estimation of trail volume could not be applied because of
high dissipation rates in the background flow.

Both ambient levels of turbulent kinetic energy and swimming velocity affect how quickly
swimming-induced flows dissipate and the volume at which they enhance background turbulence.
Velocity perturbations induced by larvae swimming has been reported to attenuate more rapidly
with the distance from the organism (r) in turbulence than in still water conditions (Gallager, 1993).
Gallager (1993) also claimed that velocity magnitudes of 3 mm s−1 and 6 mm s−1 of larva swim-
ming in turbulence attenuated from the organism distance as 1/r1.9 and 1/r2.9. This indicates that
flow signatures produced by faster swimming organisms in turbulence dissipate faster than those
produced by slow swimming individuals.

Ecological implications

Simultaneous observations of the local flow and organism behaviour can facilitate to understand
how the environmental flow affects ecological interactions of plankton (Sutherland et al., 2011).
From an ecological perspective, our findings help to better understand whether the choice of habitat
of zooplankton tends to be dependent on turbulence intensity (Pringle, 2007). Under small-scale
turbulence marine copepods avoided high turbulence levels by swimming towards calmer waters
(Incze et al., 2001; Visser et al., 2001), however, the dispersive effect of turbulence can increase
the average depth of organism distribution (Haury et al., 1990) or the vertical distribution remained
unaffected irrespective of stratification (Lagadeuc et al., 1997).

It is a well-known notion that turbulence can enhance predator-prey encounter rates leading to
increase the predation risk of Daphnia. Previous studies investigating hydrodynamic cues gener-
ated by swimming Daphnia in still-water (Gries et al., 1999; Wickramarathna et al., 2014) yielded
estimates of trail volumes up to 500 times the size of the organisms. Because in the absence of
turbulence, the diffusivities of solutes are several orders of magnitude smaller than those of fluid
momentum, the footprint in terms of concentration or density fluctuations may far exceed even this
value (Noss and Lorke, 2014). These large and long-lasting trails provide potential hydrodynamic
or chemical cues for predators (Gries et al., 1999) and increase predation risk during active propul-
sion. Despite this, we demonstrate here that the large hydrodynamic trails produced by swimming
Daphnia are offset by the ambient turbulence (e.g. TL4 in Fig. 3.6). We expect that this finding
also applies to concentration fluctuations, because momentum and solute diffusivities are of equal
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magnitude in turbulent flows.
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Abstract

The interaction of physical and biological processes has been observed to trigger dense
aggregations of many zooplankton species. This study quantifies the influence of animal
abundance and density on the swimming kinematics and energetics of the flow field in-
duced by Daphnia swarms. In a series of laboratory experiments, light-induced swarming
behaviour was observed using four different animal abundances of mixed sizes. We com-
bined three-dimensional tracking of swimming trajectories with observations of the swarm-
induced flow field using particle image velocimetry. Our findings demonstrate that Daphnia
aggregated in swarm densities of (1.1-2.3)×103 L−1, which exceeded the abundance den-
sities in our experiments (1.7 - 6.7 L−1) by two orders of magnitude. For the same swarm
density range, the estimated swarm volume decreased from 52 cm3 to 6.5 cm3, and the
mean neighbouring distance dropped from 9.9 to 6.4 body lengths. We also illustrate that
mean swimming trajectories were primarily horizontal concentric circles around the light
source. Mean flow speeds found to be one order of magnitude lower than the correspond-
ing swimming speeds of Daphnia. Furthermore, we also show that the flow fields produced
by swarming Daphnia differed considerably between unidirectional vortex swarming and
bidirectional swimming at low and high abundances respectively.
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4.1 Introduction
Animal aggregation has been observed among a great variety of mammals, birds, fishes and zoo-
plankton as a mechanism to increase food exploitation, mating encounter rates, offspring rearing
success, and to avoid predators (Parrish and Edelstein-Keshet, 1999). An animal swarm may be
defined as a dense three-dimensional patch in which the moving organisms are not aligned in par-
allel to each other (Leising and Yen, 1997). Thus, swarming differs from schooling in such a way
that it is non-arrayed and largely uncoordinated between individuals, yet it is far from being a set
of completely random movements in which animals spread out over time and disperse as drifting
particles (Banas et al., 2007).

The aggregation of zooplankton in swarms can be a passive process, which is caused by the
physical characteristics of water currents such as eddies, fronts, shear layers (Okubo and Anderson,
1984; Huber et al., 2011). Active swarming behaviour is a type of swimming motion that resists
dispersion without orienting or distributing animals in an organized way (Banas et al., 2007). Both
passive and active swarming affect predator-prey encounter rates (Pijanowska Kowalczewski, 1997;
Lorke et al., 2008), food capturing success (Davis et al., 1991), and encountering mates (Hebert
et al., 1980; Gendron, 1992). Formation, maintenance, and decay of plankton swarms are governed
by the interaction of physical and biological processes (Folt and Burns, 1999), and the relative
significance of both is dependent on the spatial scale (Pinel-alloul, 1995), where the importance of
physical processes is most pronounced at large scales.

Swarming that resists diffusion by forming a non-random yet non-uniform aggregation (Bertrand
et al., 2014) can be based on either social or non-social interactions (Banas et al., 2007). In socially
interactive aggregations, a swarm is formed as a result of density-dependent responses of individual
organisms to their neighbours (Flierl et al., 1999; Ritz et al., 2011). For instance, copepod aggre-
gations can be be induced by long-distance interactions along neighbours’ scent trails (Weissburg
et al., 1998) and along trails in the shear or pressure fields (Fields and Yen, 1997). Social aggre-
gations of zooplankton can also be triggered as a result of attempting to improve probability of
encounter (Gerritsen, 1980) so that mating among conspecific adults is enhanced (Ambler et al.,
1996). Collective avoidance of their predators (Ambler, 2002), thereby aggregate in relatively safer
areas (Yen et al., 1998) are some other examples of social zooplankton swarms.

Unlike the self-organizing nature of social aggregations, in non-social aggregations, zooplank-
ton swarms are formed as a result of external cues such as light, food, or predators (Van Gool and
Ringelberg, 1997; Cohen and Forward, 2009). Functional response of zooplankton to the presence
of predators as a biological trigger for migration, swarming and patchiness has been extensively
studied (Kvam et al., 1995; Buskey et al., 1996; Kleiven et al., 1996; Pijanowska Kowalczewski,
1997).

The phototactic behaviour of the widespread freshwater zooplankton Daphnia has been exten-
sively studied and considered as a model organism for mechanistic explanations of diel vertical
migration (Ringelberg, 1999). Aligned synchronization of swimming has not been detected among
Daphnia (Okubo and Levin, 2001) as they are unable to form an image with their eyes (Buchanan
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and Goldberg, 1981) and there is no known mechanism of long-range communication between
Daphnia (Larsson and Dodson, 1993) to trigger social interactions. Numerical simulations, how-
ever, suggested that short-ranged hydrodynamic interactions, e.g., collision avoidance can induce
aligned swimming directions in high-density Daphnia swarms (Ordemann et al., 2003; Mach and
Schweitzer, 2007). These numerical studies suggest that unidirectional vortex swarming can be ex-
pected if swarm the density exceeds a critical value, which is related to the size of the hydrodynamic
disturbances which are produced by the swimming organisms, as well as the perception range.

Among zooplankton species, Daphnia exhibit the largest total dissipated power in their trails
with swimming speeds exceeding those of copepods and krill. Furthermore, the trails produced by
swimming daphnids were found to be several folds bigger than the size of organisms (Wickrama-
rathna et al., 2014). The flow field induced by swarming zooplankton has rarely been observed in
existing studies, although it accounts for important physiological and ecological consequences at
organism and population scale such as feeding strategies and success (Kiørboe, 2011), reception of
chemical (Lombard et al., 2013) and hydro-mechanical cues (Visser, 2001) to detect prey or preda-
tors (Kiørboe et al., 2010), and being a potentially significant energy source for vertical mixing in
density-stratified waters (Huntley and Zhou, 2004; Dewar et al., 2006).

Here we analyse laboratory observations of the swarming behaviour and kinematics of Daphnia
in combination with measurements of the swarm-induced flow fields. The swarming was induced
by a light beam and by performing experiments with variable organism abundance, we investigated
if hydrodynamic interactions can cause an alignment of swimming directions in dense swarms.
Further, we characterized the swarm-induced flow fields to detect large scale flow patterns induced
by swarming Daphnia.

4.2 Materials and Methods

4.2.1 Experimental set-up
The test aquarium with a cross-sectional area of 30 cm×20 cm and a height of 25 cm was illumi-
nated from above using a circular opening (4 cm in diameter) in a dimmable natural white Light
Emitting Diode (LED) panel, while light intensity was adjusted (568 lm at the circular opening)
so that it provided a light stimulus for organisms to aggregate as well as sufficient illumination for
organism tracking (Fig. 4.1). Additionally, tracking in the absence of the light stimulus was aided
by providing sufficient background light distributed around the tank. A gap of about 4 cm between
the cover of the aquarium and LED-panel was maintained in order to make the light beam more
concentric and to minimize convective currents that would have induced by warming up the surface
water. We deployed two cameras for tracking in combination with two Particle Image Velocimetry
(PIV) cameras for velocity measurements (Fig. 4.1).

Swimming trajectories of all daphnids were tracked using two orthogonally arranged Charge-
Coupled Device (CCD) cameras (FlowSense4M, Dantec Dynamics, four-megapixel, 8 bit greyscale
resolution) mounted on bi-telecentric lenses (TC 4M, Opto Eng.) having a focal depth of 5.6 cm.
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Figure 4.1: A three-dimensional depiction of the experimental set-up. White light is emitted from a
light source placed on the top of the covered aquarium (the lid shown in cyan) and is guided down
through a guide (shown in dashed lines). The laser is fired from the bottom of the aquarium (shown
in green). Daphnia are indicated by red spheres. The origin of the coordinate system lies within the
laser light sheet. It should be noted that and mountings for the laser, cameras, and aquarium are
not shown.

The usage of bi-telecentric lenses provided a pixel resolution of 19.5 pixels mm−1, which is in-
dependent of location within the sampling volume. The spatial resolution of each camera-lens
combination was measured using a custom-made calibration target.

Three-dimensional current velocities were measured within a vertical plane located in the centre
of the test aquarium using stereoscopic PIV (Adrian, 1991). The plane was illuminated by short
laser pulses (Litron Nano L 200-15 PIV double pulse laser, wavelength: 532 nm, pulse duration:
4×10−9 s), and the displacement of seeding particles (50 µm diameter Polyamide particles, Dantec
Dynamics) within the 5 mm thick laser light sheet was observed from two different perspectives
(Fig. 4.1). A four-megapixel greyscale CCD-camera (FlowSense4M, Dantec Dynamics) and a
two-megapixel greyscale PCO camera (HiSense 610, Dantec Dynamics) were used for the PIV
measurements. The timing of laser pulses and image acquisition of all four cameras was controlled
using Dantec Dynamicstudio software (version 3.20). The two stereoscopic PIV cameras captured
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image pairs during the exposure of the double-pulse laser, while two tracking cameras captured
images during the time window in which the laser was off.

4.2.2 Organisms and measurements
All test organisms of species Daphnia magna were cultured following standard regulatory require-
ments (OECD, 2004). Experiments were conducted with four different animal abundances of 20,
40, 60 and 80 organisms of mixed sizes (2.42±0.15 mm in length). The core body lengths, i.e., the
length from head to the proximal end of the caudal spine (Ranta et al., 1993) were estimated from
recorded images of the tracking cameras. In each experiment, the corresponding number of fresh
animals was inserted into the test aquarium. After the transfer of the organisms into the test tank,
the light shaft was switched on, and tracking and velocity measurements started after providing the
organisms an acclimatization time of about 20 minutes (Ekvall et al., 2013). Images from all four
cameras were then recorded at 7.4 Hz for about 40 s. The experiments with the different abundance
groups of 20, 40, 60, and 80 organisms are hereafter referred to as SW1, SW2, SW3, and SW4,
respectively.

z x

y

ti+1

ti
~ri

~ri+1

~viθ
C

θh

Figure 4.2: A three-dimensional elaboration of indices used for characterizing the position of a
Daphnia within the group. C is the centroid of the animal group, ~ri and ~ri+1 are the radial vectors
of Daphnia positions with respect to the centroid corresponding to subsequent observations at the
time ti and ti+1 respectively. The vector of the swimming velocity of the Daphnia and its heading
angle estimated on horizontal plane are denoted by ~vi and θh respectively.
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4.2.3 Characterization of swimming Daphnia
An object identification and tracking algorithm (Noss et al., 2013) was used to identify and deter-
mine three-dimensional coordinates of swimming Daphnia with a temporal resolution of 0.135 s.
Because of frequent ambiguity in subsequent position estimates of individual organisms, swimming
tracks could not be estimated continuously, but only as fragments greater than 10 times the temporal
resolution.

Instantaneous neighbouring distances (ND) between the organisms were determined as the mean
pairwise Euclidean distances between all possible permutations of identified organisms at a partic-
ular time. The mean neighbouring distance (MND) was obtained for each experiment by temporal
averaging of all NDs. We estimated the probability distributions of instantaneous positions along
radial and vertical directions. The radial positions were estimated in respect to the horizontal coor-
dinates of the centroid of all organisms at a given time. The mean values of the radial and vertical
positions were used as the axes lengths of a prolate spheroid approximately defining the volume
occupied by the swarm. Animal density in a swarm was then calculated by dividing the number of
Daphnia in the swarm by this volume. Swimming velocities of Daphnia were estimated using the
distances between subsequent positions along the swimming trajectory.

We also estimated heading angle of Daphnia as a statistical measure of the animals’ motion.
The heading angle (θ on the shaded plane in Fig. 4.2), is defined as the angle between the radial
vector of a Daphnia position at a given time (~ri) and the swimming velocity vector corresponding to
the subsequent positions (~vi). The probability density distribution of heading angles was calculated
using an optimal bin size according to Shimazaki and Shinomoto (2007). To characterize the degree
of global ordering of the swarms, we estimated the polarization (Cavagna et al., 2010). For a total
number animals within the groupN and their instantaneous swimming velocities ~ri, the polarization
(φ) is given by:

φ =

∥∥∥∥∥ 1

N

N∑
i=1

~vi
‖~vi‖

∥∥∥∥∥ (4.1)

Where the vertical double-lines denote the norm of the velocity vector. φ can have values between
0 (no alignment on average or completely random swimming directions) and 1 (completely aligned
or highly organized) (Tunstrom et al., 2013).

Based on an analysis of the change of swimming directions within a green laser sheet in a
similar experimental set-up (Wickramarathna et al., 2014), we assume that the laser light sheet had
a negligible effect on the swimming behaviour of Daphnia.

4.2.4 Characterization of flow field
Instantaneous current velocities (u, v, w) within the laser light sheet in x, y, and z directions (i.e.
horizontal, vertical, and transversal directions respectively) were obtained from stereoscopic PIV
analysis (Fig. 4.1). PIV images were processed using the adaptive correlation algorithm (Theunis-
sen et al., 2006) available in the DynamicStudio software, and a universal outlier detection algorithm
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(Westerweel and Scarano, 2005) was then applied to detect and remove outliers, which were pri-
marily caused by moving animals. The interrogation area was 32 × 32 pixels with a 50% overlap,
and the spatial and temporal resolution of the final velocity estimates was 3.2 mm × 3.1 mm and
0.135 s, respectively. Velocity gradients were estimated using a two-point central difference scheme
over a distance equivalent to the spatial resolution.

Viscous dissipation rates of kinetic energy (ε) in the laser light sheet were estimated from mea-
sured velocity gradients by assuming isotropy in the direction of the unresolved velocity gradient
(Steinbuck et al., 2010):

ε = ν
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Where ν is the kinematic viscosity of water and the brackets denote temporal averaging over the
entire observation period.

Figure 4.3: Overview of Daphnia tracks (black lines) after formation of swarms. Panels (a)-(d) cor-
respond to SW1-SW4, and the coordinate system in each panel is centred at the centroid coordinate
of the corresponding group.
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4.3 Results

4.3.1 Swarming characteristics: position and density
For each abundance group, the trajectories of animals after formation of a swarm showed that an-
imals were aggregated in clusters at the centre of the tank (Fig. 4.3). As the animal abundance
increased from SW1 to SW4, the group of aggregated animals was found to elongate in the vertical
direction. However, trajectories of animals in the absence of a light stimulus did not show such
aggregations at all abundance densities (Fig. C.1).

For each swarming group, the probability density distribution of the radial positions of the daph-
nids was skewed towards larger radii (Fig. 4.4a). It was observed that for the groups of SW1 and
SW2 most animals (75%) swam at a radial distance of 10-20 mm, however, the probability dis-
tribution was flattened out at higher abundances (SW3 and SW4) and the animals became more
uniformly distributed over a wider radial distance of up to 40 mm. The organisms were distributed
over increasing vertical extents as the animal abundance increased (Fig. 4.4b). At SW1, animals
were mainly swimming in the upper half of the tank, and the distribution shifted towards the bottom
part of the tank for SW2. At SW3, animals became homogeneously distributed in the vertical direc-
tion, while they primarily occupied the uppermost and near-bottom regions at the highest abundance
(SW4).
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Figure 4.4: Probability density distributions of occupying positions of swarming groups. (a) Proba-
bility distribution of positions of Daphnia in radial direction on the horizontal plane for SW1-SW4.
The mean radial distances are indicated by circular symbols with the corresponding color on the
x-axis. (b) Probability distribution of the vertical positions of Daphnia for SW1-SW4. The vertical
position were measured positively upward from the bottom of the experimental tank.

In contrast, the probability distribution of radial positions of Daphnia without a light stimulus
was found to be more variable, indicating that the organisms were swimming in smaller groups. The
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Table 4.1: Statistics of horizontal and vertical swimming speeds of swarming Daphnia. Standard
deviations are shown in parentheses.

Group Daphnia
abundance
density (L−1)

Swarm density
(103 L−1)

Horizontal swimming
speed (mm s−1)

Vertical swimming
speed (mm s−1)

Mean (±SD) Median Mean (±SD) Median
SW1 1.7 2.3 21.8 (±31.2) 4.8 13.9 (±25.5) 1.8
SW2 3.3 1.54 39.8 (±41.3) 23.9 21.4 (±30.0) 5.0
SW3 5.0 1.16 45.7 (±43.4) 35.4 27.8 (±34.2) 10.8
SW4 6.7 1.15 53.8 (±45.4) 47.9 27.4 (±34.1) 9.4

corresponding radii were much larger (mean radial position: 28 mm) than those of the swarming
groups (Fig. C.2a). In the absence of a light stimulus Daphnia were mainly swimming close to the
bottom of the tank (Fig. C.2a).

The swarm volumes for SW1, SW2, SW3, and SW4 were 6.5 cm3, 19.4 cm3, 39 cm3, and 52
cm3 respectively, while the organism density in the swarms was decreasing from 2296 L−1 to 1152
L−1 (Table 4.1). The observed swarm densities were more than two orders of magnitude higher than
the organism density in the experimental tank, which varied between 1.7 L−1 for SW1 and 6.7 L−1

for SW4 (Table 4.1).

4.3.2 Swarming characteristics: kinematics
The probability distributions of NDs normalized by body length of Daphnia showed sharp prob-
ability peaks at SW1-SW2 and more homogeneous distributions at SW2-SW4 (Fig. 4.5a). This
indicates that the organisms became more equally distributed over a wider distance. MND increased
from 6.4 (SW1) and 7.6 (SW2) body lengths to 10.1 (SW3) and 9.9 (SW4) body lengths (Fig. 4.5b).
As expected, MND increased for decreasing swarm density.

Without a light stimulus, ND was more variable and mainly distributed between 10 and 30 body
lengths (Fig. C.2b). The corresponding MND of 18.2 body lengths showed that in the absence of
the light stimulus the mean nearest neighbor distance was about twice as large as in the swarming
experiments (mean of MND across all four swarming animal groups was 8.5 body lengths).

The mean horizontal swimming speeds increased with decreasing swarm density from 22 to 54
mm s−1 (Table 4.1). For all abundance groups, the mean vertical swimming speed was much lower
in comparison to the horizontal speeds.

Under swarming conditions, the estimated heading angles showed a bi-modal distribution with
pronounced maxima at ±90◦ (Fig. 4.6). It should be noted that heading angle were estimated
from horizontal swimming directions only, because, as pointed out above, the vertical swimming
velocities were much smaller. This suggests that the direction of animal movement with respect
to the centroid of the swarm is predominantly tangential. In other words, Daphnia swam along
circular trajectories within the light beam. With the exception of SW1, the nearly symmetrical
bi-modal distribution of heading angles showed that the direction of the circular trajectories was
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Figure 4.5: Probability density of neighbouring distance (ND) between swarming Daphnia. (a)
Probability distribution of neighbouring distance for SW1-SW4 (b) Mean neighbouring distance
(MND) vs. organism density. Standard deviations are shown by whiskers. Note that both ND and
MND are normalized by the mean Daphnia body length.

equally distributed between clockwise and anti-clockwise motions. Nevertheless, SW3 showed
the highest probabilities at ±90◦, which indicates that the bimodal circular movement is enhanced
when the animals are aligned vertically along the light beam, rather than expanding over larger
radial distances.

Unlike the other groups, probability distributions of heading angles for SW1 showed a clear con-
trast that animals tended to make primarily uni-directional (preferably counter-clockwise) circular
movements. This may be due to the fact that the swarm density of SW1 was too high to reverse the
swimming direction.

The probability distribution of heading angles of Daphnia in the absence of a light stimulus
was broadly distributed over the entire angular range (±180◦), indicating that the animals swam in
random directions.

The polarization of swimming velocities varied in a range of 0.04-0.17 in SW1-SW4, whereas
in the absence of a light stimulus it was in the range of 0.12-0.33. Thus, the average polarization of
Daphnia without a light stimulus is two-folds higher than that of swarming animals.
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Figure 4.6: Probability density of heading angles of swarming Daphnia. Centres of the bins are
shown by colour markers and steps correspond to bin widths.

4.3.3 Flow perturbation of swarming: energetics
For all swarming groups, the mean horizontal flow speeds in the tank were consistently higher
than the vertical flow velocities (Table 4.2) and both were more than one order of magnitude lower
than the corresponding swimming speeds of the Daphnia. The mean horizontal flow speeds in
SW2, SW3, and SW4 were about 15-19% higher than those of SW1, while it was highest in SW3.
Differences in vertical flow speeds among the four abundance groups were only marginal. The root
mean square (r.m.s) flow velocity derived from all three velocity components were highest along the
vertical centreline for SW2-SW4, whereas flow speeds were highest at the outer edge of the tank
for SW1 (Fig. 4.7).

The spatially log-averaged rates of viscous dissipation estimated for the different abundance
groups within the swarm volumes were very similar for SW2-SW4 (≈1×10−6 m2s−3), but were
about a factor of two lower in SW1 (Fig. 4.8). Despite the swarm volume increased by about 62%
from SW2 to SW4, viscous dissipation rates among these groups did not vary for more than about
14%. The mean dissipation rate of the background flow, i.e. without Daphnia, was (3±4)×10−8

m2s−3. Contour maps of temporal mean dissipation rates were plotted to determine the nature of the
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Table 4.2: Statistics of horizontal and vertical speeds of flow. The horizontal speed corresponds to
the magnitude of the mean horizontal velocity vectors, and the speeds averaged over the entire tank.
Standard deviations are shown in parentheses.

Group Horizontal flow speed (mm s−1)
Mean (±SD)

Vertical flow speed (mm s−1)
Mean (±SD)

SW1 1.48 (±0.60) 0.56 (±0.62)
SW2 1.74 (±0.49) 0.58 (±0.60)
SW3 1.82 (±0.48) 0.52 (±0.66)
SW4 1.77 (±0.52) 0.58 (±0.50)

flow induced by different animal groups (Fig. C.3). For SW1, it is apparent that dissipation rates at
the core animal occupying region is low in comparison to the near-wall regions of the experimental
tank. However, when the number of animals was increased (SW2, SW3), dissipation rates were
enhanced at the core region.

4.4 Discussion

4.4.1 Abundance, swarm density, and distribution
By employing previously used experimental approaches for inducing swarming behaviour in zoo-
plankton (Leising and Yen, 1997; Ordemann et al., 2003) we have observed the kinematics of Daph-
nia swarms for variable organism abundance. The organism densities in the experimental tank (2-7
L−1) were within the range of Daphnia densities found in natural systems. For instance, the overall
median density of Daphnia spp. measured over a 4-year period in a lake was 1.59 L−1, while max-
imum abundances did not exceed 20 L−1 (Saunders et al., 1999). Also, in the 8-year seasonal field
measurements conducted in three lakes by DeMott and Gulati (1999), the estimated mean annual
density of Daphnia ranged from 0.7 L−1 to 104 L−1. In general, many field surveys have reported
maximum Daphnia densities below 50 L−1 (Searle et al., 2013).

Despite the relatively low organism density in relation to the size of the experimental tank,
Daphnia aggregated in dense swarms with up to 1000-fold higher densities in the presence of a
localized light cue. These densities are clearly beyond the densities observed in the field. This could
be attributed to the fact that field sampling is commonly performed by net hauls, which integrate
over several cubic meters of water. Also fine-scale acoustic methods average over sampling volumes
which are comparable in size to the experimental tank used in our experiments, and did not reveal
strongly enhanced Daphnia densities in lakes in comparison to net sampling (Lorke et al., 2004;
Huber et al., 2011).

In contrast to observation of Daphnia, visually guided (diver-supported) small-scale sampling
of copepods in marine waters revealed swarm densities of up to 2×103 L−1 (Udea et al., 1983) and
1.5×103 L−1 (Hamner and Carlton, 1979). The copepod swarms were observed around light cues
similar to those simulated in our experiments. The light gradients were observed above patches
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Figure 4.7: Contour maps of r.m.s. velocities for SW1-SW4. The magnitude of flow velocities
were estimated considering all three velocity components. The ellipses marked in red represent
the occupying regions of Daphnia swarms considering the mean of radial and vertical positions
corresponding to each group.

of pale substrate that reflect more light in comparison to the surrounding substrata (Hamner and
Carlton, 1979) or near red mangrove roots (Ambler et al., 1991). Therefore, despite the lack of field
measurements of swarm densities in Daphnia, the swarm observations of similarly-sized copepod
species suggest that the dense swarms observed in our experiments could also be formed under
natural conditions, e.g. in the littoral zone of lakes.

The mean neighbouring distance (MND) in Daphnia swarms was 6.4-10.1 body lengths which
is consistent with the values observed in copepod swarms of species Oithona oculata (Hamner and
Carlton, 1979), Acartia plumosa (Udea et al., 1983), Dioithona oculata (Ambler et al., 1991), with
MND values of 14, 9.5, and 7 body lengths respectively.
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Figure 4.8: Temporally and spatially log-averaged dissipation rates for different abundance groups
(SW1-SW4).

4.4.2 Swarming kinematics
The mean trajectories of Daphnia were mainly horizontal and circular. The predominant heading
angles of ±90◦ can be attributed to the phototactic behaviour, by which the swimming direction
is controlled by light gradients (Lampert, 2011; Ringelberg, 1999). It is also noteworthy that both
horizontal and vertical swimming speeds decreased for increasing swarm density. This can be
explained as the swarm density is low it leaves more space for the animals to swim faster. Moreover,
greater MNDs at low swarm densities also support this argumentation.

The two peaks occurring at ±90◦ suggest that the average motion is resolved into clockwise
and counter clockwise directions while the probability of average rotational directions being fairly
similar indicates that they occur at equal probabilities. These findings have been predicted by
numerical simulations where zooplankton is described as active (self-propelled) Brownian parti-
cles without interactions (Mach and Schweitzer, 2007). The simulations further revealed that a
symmetry-breaking and predominantly unidirectional circling of zooplankton around a light beam
can be triggered at higher swarm densities by introducing short-range hydrodynamic interactions.
This collective swimming behaviour was termed vortex-swarming (Ordemann et al., 2003; Mach
and Schweitzer, 2007). The predominantly clock-wise circular swimming of Daphnia in the lowest
abundance group (SW1) suggests, that the organisms were performing vortex swarming in this ex-
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periment where the swarm density was highest. The hydrodynamic interaction can be controlled by
the flow velocity in the hydrodynamic footprints of the swimming Daphnia, which can exceed the
size of the animal by up to a factor of 500 (Wickramarathna et al., 2014).

Estimated polarization of the swimming velocities was very low in all experiments with a light
stimulus. This indicates that polarization is not an appropriate measure to characterize the degree
of Daphnia swarming or vortex swarming along circular trajectories. Polarization may be an ap-
propriate parameter to express the extent of swarming in the cases where aligned synchronization
is following more straight trajectories, having a radius of curvature which is small in comparison
to the size of the swarm, such as a flock of birds or a school of fishes (Cavagna et al., 2010). In a
circular swarm, the opposing swimming directions at opposite locations on the circle will ultimately
lead to a low polarization.

4.4.3 Flow fields and environmental relevance
The flow fields produced by the swarming Daphnia differed considerably between vortex swarm-
ing (SW1) and the bidirectional swimming at higher abundances (SW2-SW4). In the latter case, the
flow velocity and dissipation rates of kinetic energy were enhanced in the centre of the experimental
tank, both within the swarm, as well as above and below. The irregular pattern of flow velocities in
the core region indicates a strongly variable flow field, which was caused by superposition of hydro-
dynamic trails of the more randomly swimming Daphnia. During vortex swarming, in contrast, the
flow velocity and energy dissipation rates were highest along the side walls of the tank, indicating
that the unidirectional circular swimming generated a horizontal fluid vortex with the dimensions
of the experimental tank, i.e. a large-scale flow field. It can be expected, that once it is established,
the inertia of this large-scale vortex stabilises the vortex swarm against random fluctuations in the
swimming direction of individual organisms.

It has been speculated, that the existence of large-scale flow field generated by synchronously
swimming zooplankton can increase the contribution of small swimmers to vertical mixing in
density-stratified waters (Kunze, 2011; Noss and Lorke, 2014). Because the size of the large-scale
vortex was determined by the size of the experimental tank in our observations, its potential spa-
tial extent could not be estimated. Although the actual environmental conditions which caused the
vortex swarming in one of our experiments could not fully be explained, the existence of potential
triggers, e.g. small-scale stationary gradients in light intensity, can only expected to be found in
very shallow aquatic systems or in the littoral zone of lakes. Particularly small and shallow ponds,
where wind-driven flow velocities are typically small, and where Daphnia can appear in high abun-
dances (Steiner, 2004), vortex swarming can be considered to be a potentially relevant process for
the resuspension of food particles from the sediment surface. The relatively easy access to such
systems provide the opportunity to assess the environmental relevance of Daphnia swarming and
vortex swarming using high-resolution optical observation techniques, similar to those applied in
our laboratory observations.
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Chapter 5
Major findings and concluding remarks

THIS study was set out to explore interactions of selected biophysical processes that may well af-
fect the zooplankton ecology at smaller scales and quantify the extent of changes in swimming

behaviour and fluid disturbances produced by swimming Daphnia in response to changing physi-
cal environments. As presented in Chapter 1, the existing literature on biophysical interactions of
zooplankton within the context of flow and swimming behaviour are inconclusive. Thus, the study
sought to answer the following questions:

1. Are Daphnia swimming in calm water capable of producing large scale flow struc-
tures and how the size and energetics of these hydrodynamic trails are affected by the
organism age (size) and swimming patterns?

2. Are zooplankton, Daphnia in particular resilient enough to overcome turbulence or
do they avoid turbulence ? Is there a threshold of turbulence intensity that they make
a transition from overcoming to avoidance?

3. Do Daphnia swarms instigate large scale flow structures ? How abundance and
swarm densities in aggregations affect their behaviour and induced flow ? Can hydro-
dynamic interactions cause an alignment of swimming directions in dense swarms?

5.1 Major findings and synthesis
Biophysical processes explored in this thesis included Daphnia swimming in calm water, Daphnia
swimming in turbulence, and Daphnia swarming induced by a light source, and age or size of
Daphnia was used as a morphological parameter only in the case of Daphnia swimming in calm
water (Fig. 5.1). Behaviour and the induced flow, which may affect zooplankton ecology at smaller
scales were characterized using kinematics and energetics indices respectively (Fig. 5.1).
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Figure 5.1: A conceptual diagram depicting kinematic and energetic indices considered in this
study to characterize behaviour and induced flow field produced by Daphnia in response to physical
environment and organism age. Behavioural responses of organisms and changes in flow fields may
affect zooplankton ecology as indicated by red dashed lines.

The first goal of this work presented in Chapter 2, I investigated the swimming behaviour and
flow signature produced by Daphnia in calm water. Induced flow signatures were characterized
as a function of organisms’ swimming pattern and the stage of Daphnia development (i.e. age).
It was found that Daphnia size and the linearity or convolutedness of its swimming trajectory do
not influence the width of induced trails or dissipation rates, however, trail volume increased with
increasing size of the organisms and its swimming velocity. Trail volume was increased in propor-
tional to the cubic power of Reynolds number, and the biggest trail volume was about 500 times the
body volume of the largest daphnids. This finding bears a significant ecological consequence with
regard to the risk of predation because a bigger volume means a larger volume of fluid disturbance
and consequently a longer time to decay. This finding further demonstrates that the increase of trail
volume yielded significantly enhanced total dissipated power at higher Reynolds number. The ob-
served magnitudes of total dissipated power varied in the range of (1.3-10)×10−9 W. A comparison
with other zooplankton species provided conclusive evidence that daphnids possessed the highest
swimming speed and total dissipated power in their trails.
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Inspired by relatively higher swimming speeds of Daphnia in comparison to the other zooplank-
ton species, I explored the notion that Daphnia can be more resilient to turbulence. Thus, the second
objective of this thesis highlighted above and presented in Chapter 3 showed that within the range of
turbulent intensities to which the Daphnia are likely to be exposed in their natural habitats, increas-
ing turbulence compelled the organisms to enhance their swimming activity and swimming speed.
Upon further increasing of turbulence to rather unrealistically high values, they began to withdraw
from active propulsion. Findings of this work further demonstrate that the threshold level of turbu-
lence at which animals start to alleviate from largely active swimming is about 10−6 m2s−3. It was
also shown in this study that during the intermediate range of turbulence; 10−7 - 10−6 m2s−3, ki-
netic energy dissipation rates in the vicinity of the organisms is consistently one order of magnitude
higher than that of the background turbulent flow.

The work presented in Chapter 2 led to the conclusion that trails produced by individual Daphnia
are several folds bigger than the organism size, which provoked the notion that Daphnia swarms
may instigate large scale flow structures. Thus, in the third objective indicated in (3) above, I
investigated behaviour and flow induced by groups of Daphnia swarms formed by a light source
at varied abundance and swarm densities. The results showed that Daphnia aggregated in swarms
with swarm densities of (1.1-2.3)×103 L−1, which exceeded the abundance densities by two orders
of magnitude (i.e. 1.7 - 6.7 L−1). The estimated swarm volume decreased from 52 cm3 to 6.5
cm3, and the mean neighbouring distance dropped from 9.9 to 6.4 body lengths. The findings
of this work also showed that mean swimming trajectories were primarily horizontal concentric
circles around the light source. Mean flow speeds found to be one order of magnitude lower than
the corresponding swimming speeds of Daphnia. Furthermore, this study provided evidences that
the flow fields produced by swarming Daphnia differed considerably between unidirectional vortex
swarming and bidirectional swimming at low and high abundances respectively.

The flow signatures observed in turbulent flows were much smaller than those observed in still
water, because flow signatures produced by Daphnia in turbulent flows are offset by high temporal
fluctuations of the flow. Thus, the enhanced risk of predation as concluded in Chapter 2 is some-
what negated in turbulent flows making life easier in their natural habitats. In addition, large trail
volumes estimated in still water experiments also implied development of large scale flows in Daph-
nia swarms, and a combination of high abundance in swarms and large trail volumes of individual
animals as indicated in still water experiments may have thought to provide an easy access for the
predators. However, super-positioning of Daphnia trails at lower swarm densities did not permit
producing large scale flows, which might again reduce the risk of predation. Moreover, in contrast
to the enhanced encounter rates with predators suggested in turbulent flows, Daphnia aggregations
formed at the appropriate density can increase their foraging success by means of vortex swarming.
Also, individual observations of Daphnia in turbulent flows indicated that they withdrew from active
swimming at high turbulence intensities, which would influence their choice of habitat. However,
swimming in search of lower turbulent zones (thereby keeping their fitness) would generally lead to
compromise their ingestion. Therefore, in these situations, the loss of ingestion can be restored by
aggregating at the right swarm density because vortex swarming leads to transport suspended food
particles to upper layers of a water column. This could be the case in small ponds with high Daphnia
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abundance, where small-scale turbulence is avoided to keep their fitness level yet enhancing their
foraging by forming swarms.

Findings of this work observed at organism scale can be expected to affect processes at popula-
tion scale. Large trail volumes or fluid perturbation induced by swimming zooplankton at smaller
scale may play a vital role in particle fragmentation (Steinberg et al., 1997). Specially marine
zooplaton have been reported to fragment snow particles to finer size, which reduces the sinking rate.
This could affect biological pump as finer particles retaining on surface enhances re-mineralization.
Also, aggregation of organisms may increase zooplankton growth and enhanced survival (Wood-
son et al., 2012). Increased encounter rates caused by turbulence and vortex swarming observed
among aggregated organisms could enhance vertical flux of particulate material as it was observed
by Kiørboe (1997). Therefore, zooplankton response to physical cues at smaller scales may have
important ramifications from particle fragmentation, growth and enhanced survival to enhanced
vertical flux of particulate matter.

5.2 Significance and implications
Planktonic organisms had been suggested to affect fluid motion on much larger scales than the or-
ganisms themselves (Prairie et al., 2012). Wakes of these organisms may produce kinetic energy
comparable to environmental sources (Huntley and Zhou, 2004), however, this was challenged by
(Visser, 2007) that it occurs at small length scales and generated energy is dissipated as heat. How-
ever, analysis of individual Daphnia in this study revealed that Daphnia trails can be as bigger
as 500 times the size of the organism and the trail volume was proportional to the third power of
Reynolds number. This is consistent with some of previous observations. A significant contribution
to energy production (Dewar et al., 2006) and fluid mixing (Katija and Dabiri, 2009) was predicted
by biophysical modelling while these findings are based on the assumption that hydrodynamic foot-
prints produced is comparable to the organism size which is true for low Reynolds number. Huntley
and Zhou (2004) used the turbulent drag law in their estimations of flow disturbance, and the ap-
proach holds true for high Reynolds number. Given the fact that the swimming of zooplankton
occurs at intermediate range of Reynolds number (1 < Re < 100) which makes both of the above
argumentations questionable. Therefore, this study has not only shed the light on these inconclusive
former findings concerning the volume of fluid disturbance caused by biophysical interactions of
zooplankton within the context of flow and swimming behaviour but also they provide a justification
for the Daphnia swimming in their natural habitats. Furthermore, the findings suggested that the
dissipation rates were enhanced over a spatial extent of 10 times larger than the organism, which
leads to enhance small-scale gradients of dissolved substances. Given the quadratic dependence of
eddy diffusivity on fluid disturbances (Kunze, 2011), rates of diffusivity and scalar mixing would
increase by 100-folds if the fluid disturbance is considered instead of the organism size (Visser,
2007). The size of the daphnids trail estimated in terms of dissipation rates of concentration vari-
ance found to vary between 1-13×10−5 m2s−3 (Noss and Lorke, 2014), which is about 100 times
bigger than the estimates of this study and consequently justifies the results.

As it was previously reported that presence of turbulence may have far reaching ecological
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consequences from the choice of habitats (Pringle, 2007) to increased encounter rates (Rothschild
and Osborn, 1988). Findings of this study may help to fathom the significance of turbulence and its
intensity on the choice of habitat. The findings that Daphnia could withstand turbulence intensity
up to 10−6 m2s−3 demonstrates that they are equally resilient as some of other zooplankton such as
copepods. Marine copepods exposed to a small-scale range of turbulence showed that they avoided
high turbulence regions by swimming towards calmer waters (Incze et al., 2001; Visser et al., 2001).
The dispersive effect of turbulence can increase the average depth of organism distribution (Haury
et al., 1990). Turbulence did not affect vertical distribution of zooplankton no matter the water
column was stratified or not (Lagadeuc et al., 1997).

As it was shown in still-water experiments, the fluid volume affected or hydrodynamic traces
produced by swimming Daphnia could be as bigger as 500 times the organism size. As the diffusiv-
ities of fluid momentum are several orders of magnitude higher than those of solutes, traces of con-
centration fluctuations can be even bigger providing chemical cues for predators or enhancing the
risk of predation. As this study shows when the turbulence intensity is high enough background flow
tends to smear the hydrodynamic traces produced by swimming Daphnia. As momentum and so-
lute diffusivities are of equal magnitudes in turbulence flow, smearing of concentration fluctuations
can also be expected. Though it is widely accepted notion that turbulence enhances predator-prey
encounter rates leading to increase the predation risk of Daphnia, this study reveals that Daphnia
swimming in highly turbulent flows may work in their favour by reducing the risk of predation. Re-
duced risk of predation in turbulent flow is also supported by other studies (Mackenzie et al., 1994;
Prairie et al., 2012), however, the underlined mechanisms are different.

In the case of light-induced Daphnia swarms, animal trajectories were primarily concentric cir-
cles with similar probabilities for both clock-wise and counter clock-wise directions. This is in
agreement with the results predicted by numerical simulations considering zooplankton as self-
propelling particles without interactions (Mach and Schweitzer, 2007). The simulations have also
predicted a shift from bidirectional to unidirectional at higher swarm densities, which is known as
vortex-swarming (Ordemann et al., 2003; Mach and Schweitzer, 2007). This is also consistent with
the present study as a predominantly clockwise circling of organisms at the highest swarm density,
and the flow velocity and energy dissipation rates being the highest along the side walls of the tank
suggesting a horizontal vortex having a spatial extent equalling to the tank dimensions. However, it
should be noted that the spatial extent is dependent on the tank size, therefore, the actual spatial ex-
tent could not be determined. The large-scale vortex-swarming also affirms a previously suggested
notion that the contribution of zooplankton to vertical mixing in stratified waters can enhance by
large-scale flow produced by organized swimming (Kunze, 2011; Noss and Lorke, 2014).

Vortex-swarming can be expected in environmental conditions such as in shallow ponds or in
the littoral zone of lakes where small-scale stationary gradients in light intensity can be present and
the wind-driven flow velocities are small. These are typically the aquatic environments that high
abundances of Daphnia can be found (Steiner, 2004). One of direct implications of vortex-swarming
in the case of shallow waters is that it will enhance the disturbance of nutrient particles located on
the bottom and subsequently transport them towards the surface. Furthermore, vortex-swarming
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could potentially homogenize a sharp density gradient.

5.3 Recommendation for future research and limitations
This Ph.D. thesis is an attempt to elucidate kinematics and energetics of freshwater zooplankton,
Daphnia swimming in calm and non-stratified waters, and how they respond to changing physical
and environmental conditions individually and as aggregated groups. While the work has con-
tributed to better understand the interaction between biological and physical processes of Daphnia
swimming in different environments, there are several inevitable constraints of this work, which
should be covered by future research addressing similar context.

The most of these are related to experimental limitations. For instance, the calm water exper-
iments presented in Chapter 2, should consider stratification in future work. Because, freshwater
lakes in which Daphnia abundance is high are supposed to be stratified (Boehrer and Schultze, 2008;
Stocker, 2012). The fluid displacement and induced trail volume have been suggested to depend on
the strength of density stratification (Noss and Lorke, 2014). However, the influence of density-
stratified waters on swimming behaviour and induced flow has so far led to contradictory results.
(Gries et al., 1999) observed a negligible influence of density-stratified waters whereas (Ardekani
and Stocker, 2010) indicated an influence of stratification on the flow fields generated by swimming
Daphnia.

In experiments of Daphnia swimming in turbulent flows discussed in Chapter 2, a relatively low
number of animals used in a large experimental tank. Because, using a very high number of ani-
mals would lead to fail the tracking algorithm with overlapping organisms in camera perspectives.
Furthermore, having the tracking light source right below the investigated volume would trigger a
Daphnia swarm (based on the work presented in Chapter 4, Daphnia aggregate as a swarm to a light
source). Thus, using a large number of organisms would lead to investigate more of a swarm in tur-
bulence, however, this work strictly intended to observe swimming of individual animals. Although
it is a challenging task to capture a high number of trajectories of swimming animals in a laboratory
induced turbulence without interfering with organisms’ behaviour, the work presented in Chapter 3
may benefit from including more organism trajectories.

There exists a strong inter-individual variability in the behaviour of zooplankton. For instance,
it has been reported that copepods swarms would need to maintain a mean neighbouring distance
(ND) of about 10-15 body lengths (Hamner and Carlton, 1979; Udea et al., 1983). Putting a very
high number of animals in a confined enclosure would compromise individuals’ nearest neighbour-
ing distance of freely swimming. In a recent work conducted to investigated copepods behaviour
in turbulence (Michalec et al., 2015), hundreds of animals were inserted to a tank with a maximum
side of 27 cm, which would artificially affect their behaviour (i.e compromising their NDs of freely
swimming). Furthermore, considering the mean neighbouring distance of copepods swarms men-
tioned above, the set-up described in Michalec et al. (2015) presents merely the spatial extent that
copepods may utilize to form a swarm. In swarm experiments described in Chapter 4 (30 cm x
25 cm: approximately the same width of our large tank in turbulence experiments), a mean neigh-
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bouring distance of about 10 body lengths for an abundance size of 80 organisms was observed.
Therefore, inserting a higher number of Daphnia would compromise the inter-individual spatial
extent required to swim freely in turbulence. Also, high temporal variability in turbulent flows,
specially at the highest turbulence level in this work, would require high resolution cameras to cap-
ture small-scale changes in flow signature. At least an order of magnitude higher resolution of PIV
cameras would provide much closer insight of the flow signature induced by organisms swimming
in high turbulent flows.

Swarm experiments presented in Chapter 4, the swarm formation was induced by a light source,
however, other cues such as odour of predators may also be an interesting investigation in future re-
search. Similar laboratory experiments could be conducted not only to determine effects of chang-
ing swarm cues but also the implications of changing swarm demographics such as species, age,
size, and density. Thus, combined effects of swarm triggering cues and demographics on swarm
geometry (e.g. size, density, distribution), on swimming behaviour (e.g. orientation, velocity, ac-
celeration) as well as on swarm induced flow field, underline the breadth of possible directions that
could be further investigated. Notwithstandingly, it is also significant to verify findings of labora-
tory experiments by performing in situ measurements in natural environments. Recent technological
developments have provided an increased analytical power allowing to investigate aggregations at
high temporal and spatial resolutions particularly in situ. In addition to video and motion analy-
sis used in this work, optical plankton counters, acoustic and electronic tagging are some of other
technological advancements (Ritz et al., 2011). Each of these technologies has advantageous over
the other, for instance, holographic imaging systems can resolve small particles like zooplankton
over a larger sample volume. Planar imaging system at a given wavelength can resolve an object of
20micro meters over a depth of field 0.6 mm whereas a holographic system may resolve the same
object with a depth of field 100 times larger (Malkiel et al., 1999). Also, global warming has been
suggested to form zooplankton aggregations at smaller spatial scales (Ritz, 2000). Rise in tempera-
ture significantly reduces the water viscosity, thus, an increase by 5◦C would decrease the viscosity
of seawater by 15% (Ritz et al., 2011). Therefore, how swarm size, behaviour or flow of freshwater
zooplankton such as Daphnia are affected by temperature could be a timely investigation. Changes
of kinematic and energetics in zooplankton aggregations may have large scale consequences for
larger organisms in the ecosystem.

As it was shown throughout this thesis that at millimetre scales Daphnia behaviour and flow
are shaped by their physical environment from high turbulence reducing the risk of predation to
concentric circling of organisms in swarms. The biophysical interactions taking place at one scale
may affect processes at another scale. For instance, smaller-scale interactions between a light source
and Daphnia may affect Daphnia distributions in the community or global carbon cycling whereas
large-scale changes in temperature driven by global climate change mediate background conditions
for processes at smaller-scales. Hence, while this study has drawn some significant advancement
and insights concerning biophysical interactions of Daphnia at smaller scales and their significance
to aquatic environments, future research should also orient on cross-scale research that may provide
a more complete understanding of plankton ecology.
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5.4 Conclusion
This work identifies relationships between environmental conditions and Daphnia responses in
terms of resultant Daphnia behaviour and flow. The outcome of this study may be of great in-
terest and relevance to biophysical modellers who may seek to parametrize biological and physi-
cal interactions of zooplankton using biophysical models. In many of these models, zooplankton
have been treated as drifting passive particles without taking into account actual propulsion of their
swimming. For instance, this work may be used to parametrize swimming patterns, volume of flow
disturbance in calm waters, concentric trajectories in collective swimming, insignificant nature of
changes in swimming trajectories in response to turbulence over a broader range. The experimental
approach used in this study involved with simultaneous observations of the local flow and organism
behaviour using particle image velocimetry in conjunction with particle tracking. This method has
very recently gathered some interest in quantifying inertial particle motion in turbulence as well as
swimming induced currents in zooplankton. This work however marks one of the first few studies
which applied this approach to freshwater zooplankton, Daphnia, and exemplifies the breadth of
scientific questions that can be investigated by means of such an approach.
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dimensional tracking of small aquatic organisms using fluorescent nanoparticles. PLoS ONE 8,
e78498.

Elsinga, G. E., Scarano, F., Wieneke, B. and Van Oudheusden, B. W. (2006). Tomographic particle
image velocimetry. Exp Fluids 41, 933–947.

Fields, D. M. and Yen, J. (1997). Implications of the feeding current structure of Euchaeta rimana,
a carnivorous pelagic copepod, on the spatial orientation of their prey. J. Plankton Res. 19(1),
79–95.

Fields, D. M. and Yen, J. (1997). The escape behavior of marine copepods in response to a quantifi-
able fluid mechanical disturbance. J. Plankton Res. 19(9), 1289-1304.

Flierl, G., Grunbaum, D., Levin, D. and Olson, D. (1999). From individuals to aggregations: the
interplay between behavior and physics. Journal of Theoretical Biology 196, 397-454.

Folt, C. L. and Burns, C. W. (1999). Biological drivers of zooplankton patchiness. Trends in Ecology
and Evolution 14, 300-305.

Fuchs, H., Solow, A., and Mullineaux, L. (2010). Larval responses to turbulence and temperature in
a tidal inlet: Habitat selection by dispersing gastropods? J Mar. Res. 68(1), 153-188.

Fuchs, H. L., Hunter, E., Schmitt, E. L. and Guazzo, R.A. (2013). Active downward propulsion by
oyster larvae in turbulence. J. Exp. Biol. 216, 1458-1469.

Fuchs, H., Gerbi, G., Hunter, E., Christman, A. and Diez, F. (2015). Hydrodynamic sensing and
behavior by oyster larvae in turbulence and waves. J. Exp. Biol. 218, 1419-1432.

Gallager, S. M. (1993). Hydrodynamic disturbances produced by small zooplankton: case study for
veliger larva of a bivalve mollusc. J. Plankton Res. 15, 1277–1296.

Gallager, S. M., Yamazaki, H. and Davis, C. S. (2004). Contribution of fine-scale vertical structure
and swimming behavior to formation of plankton layers on Georges Bank. Mar. Ecol. Prog. Ser.
267, 27–43.

Garcia, R., Moss, F., Nihongi, A., Strickler, J. R., Göller, S., Erdmann, U., Schimansky-Geier, L.
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Figure A.1: An example of a trail produced by a cruising Daphnia. The Daphnia swims in the
negative z-direction, and blue dots indicate locations where dissipation rates exceed the selected
threshold. The method illustrated in Figure 2.4 was used in the computation of the trail.
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Table A.1: Impact of green laser light on organism swimming behavior. Incoming and outgoing
angles of the trajectories with respect to the light sheet were estimated for 4 observations per each
swimming pattern and age group (i. e., 36 observations in total). The standard deviations of angular
differences are shown within parentheses. We found that the difference between these angles remains
similar for cruising while the differences of angles for hopping & sinking and looping are within
an acceptable range. It should be noted that hopping & sinking and looping are naturally inclined
to change the swimming direction. The relatively higher angle for hopping & sinking of 5 days old
organisms can be due to switching between hopping and sinking within the width of the light sheet.
This implies that the green laser light does not have any major implications that may have lead the
organisms to veer from their original pathways. Nevertheless, the presence of the green laser light
may affect the organism outside the vicinity of the laser light sheet.

Age (days) Incoming-outgoing angle difference (◦)
Cruising Hopping & sinking Looping

5 3.02 (±3.0) 22.44 (±15.4) 8.34 (±5.9)
20 7.45 (±1.7) 3.36 (±2.2) 13.14 (±6.8)
35 1.90 (±1.3) 8.18 (±3.0) 11.32 (±6.8)

Video A.1: A sample video illustrating the currents induced by Daphnia (video file format: avi).
Fluid motion is solely caused by swimming Daphnia. Frame dimensions are 32 by 32 mm. The
video, which was recorded by one of the PIV cameras during our preliminary measurements, shows
daphnids of various sizes crossing the laser light sheet. The flow field can be observed visually
by following the white seeding particles used for PIV measurements. Judging by the dispersion of
seeded particles at each crossing of Daphnias, it can be convincingly noted that a sudden leap of
induced currents is associated with larger Daphnias. The video additionally illustrates that even the
passive sinking of larger Daphnias can induce much larger trails than those of smaller Daphnias
swimming at a high speed.

Video A.2: Animated three-dimensional vector plot of current velocities illustrating the propulsive
jet induced by an upward swimming Daphnia (yellow blob) (video file format: avi). The video is
based on a single measurement using tomographic PIV conducted at LaVision. The tomographic
reconstruction of the volumetric intensity distribution was performed using an implementation of the
MART algorithm (Elsinga et al., 2006) and the velocity field was calculated using 3D correlation
(DaVis 8 by LaVision).

Links for the videos can be found at 10.1371/journal.pone.0092383
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Video B.1: A sample video illustrating passive tracer particles and Daphnia swimming in turbu-
lence. The video shows a Daphnia being illuminated by the laser light sheet as it crosses the light
sheet. The flow field can be observed by following the white seeding particles used for PIV mea-
surements (video file format: mp4).

Link for the video can be found at https://youtu.be/qmYst5NijFQ

Video B.2: A video depicting the background and Daphnia (white blob) induced dissipation rates
along its pathway shown in Video S1. The colour map indicates the level of dissipation rate while
the animals pathway (highlighted in blue) is also shown as it proceeds along its pathway. Note that
a contrasting region of the colour map appears as the animal primarily remains within the light
sheet. (video file format: mp4).

Link for the video can be found at https://youtu.be/EHySg8rMXsE
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Figure C.1: Overview of Daphnia tracks without a light stimulus. The tracks of animals for each
group are shown in black. Panels (a)-(d) correspond to increasing abundance as indicated in the
panels, and the coordinate system in each panel is centred at the centroid coordinate of the corre-
sponding group.
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Figure C.2: Probability density distributions of occupying positions and neighbouring distance of
Daphnia in the absence of a light stimulus. (a) Probability distribution of occupying positions
in radial direction on the horizontal plane and vertical direction. (b) Probability distribution of
neighbouring distance. It should be noted that radial positions are given with respect to the centroid
coordinates of the groups while the vertical position increasing from the bottom to top of the tank
is also presented along the x-axis. All four groups swimming in the absence of a light stimulus are
included in estimating each of the probability density distribution.

Figure C.3: Contour maps of temporally averaged viscous dissipation rate of kinetic energy for
SW1-SW4. Dissipation rates are given in log-scale.
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