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Abstract: Copepods are small aquatic creatures which are abundant in oceans as a major food
source for fish, thereby playing a vital role in marine ecology. Because of their role in the food
chain, copepods have been subject to intense research through different perspectives from anatomy,
form-function biology, to ecology. Numerical simulations can uniquely support such investigations
by quantifying: (i) the force and flow generated by different parts of the body, thereby clarify the
form-function relation of each part; (ii) the relation between the small-scale flow around animal
and the large-scale (e.g., oceanic) flow of its surroundings; and (iii) the flow and its energetics,
thereby answering ecological questions, particularly, the three major survival tasks, i.e., feeding,
predator avoidance, and mate-finding. Nevertheless, such numerical simulations need to overcome
challenges involving complex anatomic shape of copepods, multiple moving appendages, resolving
different scales (appendage-, animal- to large-scale). The numerical methods capable of handling
such problems and some recent simulations are reviewed. At the end, future developments necessary
to simulate copepods from animal- to surrounding-scale are discussed.

Keywords: copepod; plankton; numerical simulation; immersed boundary method; multi-scale
simulations; form-function relation

1. Introduction

Copepods (from the Greek word for oar feet) are among the most diverse animals in the world
with more than 14,000 described species. They can be found in almost any kind of aquatic environment,
from subzero waters of Arctic to hot springs, from the top of Himalayas to 10,000 meters down the deep
sea, in mud, subterranean groundwater, lakes, seas and oceans [1]. Some copepods are parasitic and
live off other animals such as fish—e.g., salmon louse Lepeophtheirus salmonis Kroyer is a devastating
pest for salmon farms [1]. They are among the most abundant animals on the planet and a major food
source for fish. They play a vital role in the food chain and marine ecology which have made them
the subject of intense research through different perspectives from anatomy, form-function biology, to
ecology. In this manuscript, the numerical methods capable of supporting such research are reviewed
and their limitations and strengths are discussed.

The anatomy of copepods is well-studied and a general body plan is consistent across myriad
orders of these small crustaceans. Their size typically ranges between 0.5 to 5 mm. They have a
segmented body with several appendages attached to it (see Figure 1). A copepod has a pair of first
and a pair of second antennae, the first pair is long and the other is short, mandibular palps, two pairs
of maxillas, and a pair of maxilliped. There are four or five pairs of swimming legs attached to the
abdomen and the urosome with setae at the caudal area. They have one simple eye in the middle
of the head (at least in the larval stage), which can only tell the difference between light and dark.
Most of the sensory ability of copepods comes from the chemoreceptors on the mouthparts [2] and
mechanoreceptors over appendages especially the first antennae [3]. Overall, simulating a copepod
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with an anatomically realistic shape and moving appendages poses a great challenge even to the most
advanced numerical tools—see Section 2.
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Figure 1. A typical calanoid copepod with all the appendages modeled in computer aided design
(CAD) and meshed with triangular elements for numerical simulations. Reproduced with permission
from [4].

The behavior of copepods and the function of their appendages has been typically investigated
through observations using high-speed cameras. Copepods feed on a wide variety of prey, ranging
from algae of a few micrometers to metazooplankton and fish larvae [5]. They use their mouth
appendages i.e., the antennae, maxillia and maxillipeds to create a feeding current toward the
mandibular palps (jaws) [6-8]. The flow field created by the feeding copepod is laminar with a
low Reynolds number based on length and swimming speed of order 1 to 10, where the viscous forces
are dominant. Copepods spend most of their time swimming and feeding at this low Reynolds number
environment. However, if a threat is detected they respond with rapid jumps to escape from harm'’s
way. Such escape maneuvers give copepods a much greater chance of survival than the zooplanktons
which do not exhibit such predator-avoidance mechanism [9]. The Reynolds number during jumps
may reach as high as several thousands, which may even transition to turbulence.

The appendages move differently during an escape maneuver from the normal cruising mode.
When cruising, only the mouth appendages move to create a laminar feeding current while in the
escape the power strokes of antennae and the legs are mainly used to create large acceleration.
The power-stroke starts with the beating of the first antennae followed by multiple metachronal
beating of the legs while other mouth appendages stay in the retracted position [10]. During the
return stroke swimming legs minimize their surface area and move synchronously to the original
position [10-12]. Such power-strokes can give copepods the incredible speed of 50 to 500 body-length
per second during escape [12-14]. To understand how copepods achieve such high velocities, the
hydrodynamic forces produced by the appendages movements should be determined.

A few experimental studies have been conducted to measure the hydrodynamic forces during the
power and return strokes. Alcaraz and Strickler [11] examined the relation of forces and appendages
movement for escape mode by measuring the spring force attached to the tethered copepod while
filming the appendages movement from the side. They found the force to be in the thrust (forward)
direction during the power stroke and in the drag (backward) direction during the return stroke. More
recently, Lenz et al. [12] performed a similar study. They reported that the peaks on the force record
corresponded to the power stroke of each leg and the stroke of forth and third pairs of legs produced
the largest peak. The estimated power per muscle mass by Lenz et al. [12] was found to be particularly
high relative to other organisms. In the above studies, the force record was the total force produced
by all the appendages and it was not completely clear how much each appendage contributed to the
total force. A major contribution of numerical simulations is that they specifically provide how much
each appendage contributes to the total force and how the appendages movements affect the forces
produced, thereby clarify the form-function relation of anatomical structures or appendages.

Another point of interest in copepod research is the flow field that is generated by the copepods
and how copepods respond to the flow in their environment [15,16]. In fact, copepods respond to
hydrodynamic signals within a few milliseconds [17]. They use their mechanoreceptors to feel the
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hydrodynamic disturbances in the flow [18]. It is believed that they can distinguish between prey,
predator, or mate from the hydrodynamic signatures of the flow [19]. In addition, the hydrodyanmic
disturbance that they create is used by fish to capture them. The flow field and the coherent vortical
structures has been visualized in experiments with live copepods [14,19-22]. Such flow visualizations
typically capture the flow over a 2D plane. 3D flow measurements are possible, e.g., using tomographic
particle image velocimetry (tomo-PIV) [23], but they are more challenging and normally have a lower
resolution than 2D PIV. Numerical simulations can complement such experiments by providing the
detailed 3D flow around the copepods. Nevertheless, the numerical simulation of a copepod is a
challenging undertaking due to its complex shape and the thin appendages and their rapid movements.
In the next section, available methods for simulating flow around copepods with different levels of
complexity are reviewed and their strengths and limitations are discussed.

2. Overview of Numerical Methods for Simulations of Copepods

The methods for simulating copepods can be classified into two main categories: Simulations that
resolve the shape and motion of copepod (appendage-scale methods), and the simulations that ignore
the exact shape of a copepod or the motion of its appendages and model their effect as a force field on
the flow (force-field method). The former is better suited for investigating form-function relation of
different anatomical features of a copepod, whereas the latter is useful for investigating the general
flow features generated by copepod (copepod-scale), the interaction of copepod-scale flow and the
large-scale (e.g., oceanic) flow, or their collective behavior. In what follows, these two categories are
further discussed.

2.1. Force-Field Simulations

When the large- or copepod-scale flow is of interest, i.e., the length scales of surrounding flow are
much larger than the appendages size, the copepod shape or its appendages are ignored but its effect
on the flow is modeled as a force field—see the reviews [24,25] for more details and applications of
this method. In fact, the background flow is governed by the incompressible Navier-Stokes (or Stokes
depending on the Reynolds number of the flow) equations and a force is added at the locations where
the copepods are present [26]. This method is similar to what has been used for simulation of small
particles [27] or bacteria and other microorganisms (active fluids) in the flow [28],

The 3D incompressible, non-dimensional Navier-Stokes equations are as follows:

Vaua=0

Du 1 2
=z - f
D Vp—l—ReV u+

)

where D/Dt = d/9t + u.V, u is the velocity vector, p is pressure, Re is the Reynolds number, and f is
the force field (force per unit volume) exerted by the copepods onto the flow. The above equations
require appropriate boundary conditions to form a well-posed problem. The boundary conditions are
the no-slip condition at copepod locations in flow

u = Vswimming (2)

where Vgwimming is the swimming velocity of the copepod.

This method has been used to simulate the flow at the copepod-scale. Jiang et al. [26] developed
five models for the force f in Stokes flow for different types of steady swimming such as hovering,
freely sinking, and upward/backward/forward swimming. The force field f was obtained through
force balance by assuming the shape of the copepod body as a sphere and using Stokes drag formulas.
More recently, Jiang and Kierboe [29] used an impulsive stresslet to model the force field generated by
a jumping copepod. In addition, Jiang and Kierboe [30] simulated the copepod jumps by assuming an
spheroidal shape for the body and applying a force field to account for the beating legs. The flow field
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created by self-propelled jumping copepod compared well with PIV measured flow fields and spatial
decay rate [30].

The force field method can also be used to simulate the interaction of copepod with the large-scale
flow, e.g., turbulence. In the pioneering work of Yamazaki et al. [31], direct numerical simulations of an
isotropic turbulence were performed and copepods were simulated as passively drifting (inertialess)
particles by the turbulent flow plus a random walk. Later, Squires and Yamazaki [32] simulated
marine particles with inertia in a similar setup and showed the preferential concentration (rather than
a homogeneous distribution) generated by such particles. Lewis and Pedley [33] used a probablity
density function of predator and prey velocities, rather than direct numerical simulations, to model
the contact of microorganisms in turbulent flow. Recently, Ardeshiri et al. [34] carried out direct
numerical simulations of isotropic turbulence and simulated the motion of copepods as particle
similar to Yamazaki et al. [31] but instead of the random walk they developed and used a Lagrangian
model based on the recorded velocities of copepods in an experimental setting. In all of the above
studies [31,32,34], a non-uniform body force was applied to the largest scales of motion in order to
maintain a statistically stationary flow, but the effect of copepods on the turbulent flow was ignored
and no force from the copepods were added to the right hand side of Equation (1). In fact, the copepods’
motion were determined by the flow but the existence of the copepod did not affect the flow, i.e., the
copepods’ motion was coupled one-way to the flow. Nevertheless, it is known that the existence of
particles in the turbulent flow affects the turbulent characteristics as well as particle dispersion, which
requires two-way coupling [35,36]. In two-way coupling, the force exerted by the copepods on the
flow needs to be added to the right hand side of Equation (1).

2.2. Appendage-Scale Simulations

For simulations of copepods with realistic body and appendages shapes, the Navier-Stokes
Equation (1) are solved over a grid with appropriate no-slip conditions on the body (Equation (2)).
Nevertheless, handling the motion of copepod appendages require special techniques because the
boundary at which the no-slip conditions should be applied is moving. The numerical methods for
moving boundary problems are classified into two main categories [37]: (a) boundary-conforming
methods in which the grid moves the moving boundary and (b) non boundary-conforming methods
in which the grid is fixed and the moving boundary moves over a fixed background mesh.

In boundary-conforming methods, also known as the arbitray Lagrangian-Eulerian (ALE)
methods [38], the Navier-Stokes Equation (1) are modified to account for the grid motion. The ALE
methods can efficiently keep a high-resolution near the moving boundaries. For large deformations,
however, the grid can become highly skewed or stretched, i.e., the grid quality degrades, which may
cause convergence issues for the numerical method. Remeshing may solve the grid quality, but it is
computationally expensive and difficult.

Non boundary-conforming, i.e., fixed-grid, methods do not need any modification to the
Navier-Stokes equations as the grid is fixed and does not move with the boundary. These methods are
more suitable for large deformations because they do not create highly skewed grids [39]. However,
additional complexities arise in terms of identifying the grid nodes adjacent to the moving boundaries
and transferring the effects onto those nodes. There are different fixed-grid methods, e.g., the immersed
boundary method [39], cut-cell methods [40], and fictitious domain method [41], among others.
Out of these methods, only the immersed boundary has been used for simulations of copepods [4].
Consequently, only the immersed boundary is briefly described below.

The original immersed boundary, pioneered by Peskin [42-44], smeared the effect of boundaries
over several grid nodes, which required additional resolution near the boundary. Since then, a number
of sharp-interface methods have been developed [39]. In the method used for copepods [4], the
sharp-interface is maintained by reconstructing the boundary conditions at the nodes that are exterior
to, but adjacent to the immersed-boundary surface using a quadratic interpolation along the local
normal to the boundary [45]. The background nodes at each time step are classified into fluid,
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wall, and immersed boundary nodes using an efficient ray-tracing algorithm [46]. The method
uses curvilinear grids as the background grid to efficiently stretch the grid in regions of interest,
i.e, the curvilinear-immersed boundary (CURVIB) method [47]. The method is fully parallelized
using Message Passing Interface (MPI) and Portable, Extensible Toolkit for Scientific Computation
(PETSc) [48]. It has been fully validated [46,49-51] and applied to a wide range of applications:
vortex induced vibrations [52,53], aquatic locomotion [54—63], cardiovascular flows [64-70], sediment
transport [71], large-eddy simulations and flow control [72-75], rheology [76,77], and copepods [4].
In the next section, some of the copepod simulations using this method are presented and discussed.

3. Results from Previous Simulations of Copepods

The earliest numerical simulations of copepods considered copepods as particles drifting by a
turbulent flow [31,32]. In their pioneering work Yamazaki et al. [31] and Squire and Yamazaki [32]
tracked the trajectories of 512 and 165,888 copepods (particles), respectively, drifting in an isotropic
turbulent flow. The results showed that the contact was increased due to turbulence [31] and clustering
can occur with densities of 10 to 60 times of the mean average population density [32]. Recently,
Ardeshiri et al.[34] simulated 256,000 copepods with a Lagrangian model of jumping behavior in an
isotropic turbulent flow and found clustering of jumping copepods. Furthermore, they used their
simulations to estimate the contact rate of jumping copepods and found that it can be increased by
a factor up to 10> compared to that experienced by passively transported fluid tracers of the same
size [78]. These simulations investigated the role of large-scale flow on the copepod motion, but
ignored the copepod-scale flow generated by the copepods.

The first attempt to simulate copepod swimming numerically was reported in a series of papers
by Jiang et al [26,79-81]. In their theoretical work, the force field approach (Section 2.1) was used by
approximating the shape of the copepod as a sphere and modeling the force for different swimming
conditions [26,29]. In their numerical simulations [79,81], a realistic body shape was used but the multiple
moving appendages were neglected and their effect was accounted for via a distribution of body forces
acting on the water. The first simulation of an anatomically realistic copepod with all of its swimming
appendages was reported by Gilmanov and Sotiropoulos [45] who employed a sharp-interface Cartesian
method (Section 2.2) to a model the swimming of a tethered copepod. Later, Borazjani et al. [4] built on
that work by carrying out high-resolution simulations over a range of governing parameters with more
biologically accurate kinematics prescribed from high-resolution experiments.

Borazjani et al. [4] used 3D numerical simulations of a tethered copepod to investigate the role
of the first antennae in production of hydrodynamic force during hopping (Figure 1). The details of
body shape and the kinematics of the appendages were prescribed from experimental observations
using a dual digital holography setup with 200 frame per second high-speed camera to record the
motion of hopping copepods [21]. By analyzing the high-resolution experimental holographic movies
frame-by-frame, it was observed that the copepod antennae deform distinctively during the return
stroke to the fully open position [4]. Consequently, two sets of simulations were conducted to examine
the importance of the realistic motion of the antennae on the hydrodynamics of during hopping as
observed from the top view in Figure 2 [4]: one treating each antenna as a rigid, oar-like structure
moving symmetrically during power and return stroke; and the other using an asymmetrical motion
with a deformed shape during the return stroke which was prescribed from experiments.

The force produced by each individual appendage was computed directly from the numerical
simulations and its relative significance on the total hydrodynamic force was quantified [4].
The computed results: (1) show that for both cases the antennae are major contributors to the net thrust
during hopping; and (2) clearly demonstrate the significant hydrodynamic benefit in terms of thrust
enhancement and drag reduction due to biologically realistic, asymmetric antenna motion. In addition,
the antennae were found to produce the largest drag- and thrust-type forces among all appendages
regardless of whether the antennae were treated as rigid or deformable. This conclusion, however,
could be partly affected by the fact that the leg kinematics in the present model does not exhibit the
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required degree of biological realism. Nevertheless, the large drag of the antennae provides a plausible
explanation why copepods have been observed to use multiple leg strokes before re-deploying their
antennae. Finally, the calculated net force time history over a swimming cycle explains why copepods
swimming in the ocean move in bursts (jumps) during escape. The high thrust (produced by all
appendages) during the power stroke, which rapidly accelerates the copepod, is followed by a large
drag force (produced by the body and the appendages) during the return stroke, which decelerates the
copepod, yielding an intermittent, burst-like behavior during the swimming cycle.

Figure 2. Out-of-plane vorticity contours for the top view mid plane of the copepod at (A) t/T = 0.33
(B) t/T =0.66 (C) t/T =1 for the rigid antennae (left) and deformable antennae (right) (Re = 300,
T = 0.3). Reproduced with permission from [4]. See Video S1 in supplementary materials for a movie of
the deformable antennae.
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The numerical simulations also provide the 3D flow around the copepod. The antennae create
complex vortical structures that can be viewed from the top (Figure 2). Figure 2A shows the antennae
at the end of the its power stroke, which creates a strong shear layer at the tips of each antenna.
Figure 2B,C shows the wake at the middle and end of the return stroke, respectively. It can be
observed that the downstream wake structures have been destroyed by the rigid antennae while still
moving downstream in the deformable case i.e., more thrust-type wake for the deformable antennae.
The numerical simulations also elucidate for the first time the origin of the distinct toroidal vortices
observed in flow visualization experiments in the wake of escaping copepods [19]. Visualizing the
coherent structures by the iso-surfaces of g-criterion (defined as the difference between the norm of
vorticity and strain-rate [82]; consequently, > 0 are regions where the rotation rate dominates the
strain rate, i.e., a vortex) in the wake of the copepod showed the three-dimensional structure of the
toroidal vortices (Figure 3). It was found that the toroidal vortices are formed mainly from the leg
strokes by forming two columnar vortices, which are attached to each other at the end forming an
arch-like vortex loop [4].

slender streamwise
structures

Figure 3. Vortical structures visualized by the iso-surfaces of g-criterion around the tethered copepod
with deformable antennae (Re = 300, T = 0.3) at different time instance (A) t/T = 0.28 the first stoke of
legs begins by the last pair (B) t/T = 0.36 the middle of legs power-strokes (C) t/T = 0.48 almost the
end of the legs power-stroke (D) t/T = 0.56 the legs return-stroke has started (E) t/T = 0.66 towards
the end of the legs return-stroke (F) t/T = 0.86 the legs return stroke has been ended for some time.
Reproduced with permission from [4]. See Video S2 in supplementary materials for a movie of the
wake structure.
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4. Discussions and Future Directions

Numerical simulations have come a long way from simplified geometries to realistic anatomic
ones. Numerical simulations can provide the 3D flow around copepods with realistic anatomies and
appendages motion, which is challenging to measure experimentally, and provide hydrodynamic
forces generated by individual appendages or body. In addition, one of the main benefits of numerical
simulations is to test hypothetical cases which might not be possible in real world. Such numerical
simulations can play an important role in investigating the form-function relations of biological
features. In fact, Borazjani et al. [4] used numerical simulations to investigate the form and function of
copepod antennae during hopping. This was possible because the force generated by each appendage
can be computed separately from others in numerical simulations which is quite challenging, if not
impossible, to do in experiments. In addition, this was also possible through a comparative analysis
between a realistic antenna motion and a hypothetical symmetric motion (not observed in nature).

Appendage- and copepod-scale flow simulations need experiments to provide the accurate
anatomical geometries and motions for their results to be biologically relevant. The results of such
simulations should be validated against available measurements before applying them to hypothetical
cases for comparative analysis. Such complementary simulations and experiments are powerful tools
to advance knowledge and test hypotheses on form and function of different biological features or
behaviors. There are many possibilities in this line of research as many features of copepods has yet
to be simulated. The current simulations were mostly tethered [4] and self-propelled simulations,
which have been performed for other aquatic swimmers [55,59,61,62,83], has yet to be carried out for
appendage-scale flow of copepods. Such simulations can investigate the role of multiple metachronal
beat of legs during multiple hops for feeding or jumps to avoid predators. In addition, the role of hairy
appendages versus non-porous ones is an interesting feature to investigate. Nevertheless, simulations
with hairy or flexible appendages need: (a) realistic material properties measured experimentally for
flexible appendages; and (b) a finite element solver coupled with a fluid solver [49] to solve for the
deformations due to hydrodynamic forces.

Apart from investigating the form and function of different biological features or appendages,
investigating how the copepods interact with the large-scale surrounding flow is an exciting new
avenue for research. It is interesting to see how different flow regimes, e.g., turbulence [15] or
vortices [16,84], affect the motion (either cruising or hopping) of copepods. In addition, the effect of
vortices or flow gradients on the deformation of hairy and deformable appendages may shed light on
the mechanosensory mechaisms of copepods. Appendage- and copepod-scale simulations can help in
such studies.

Appendage- and copepod-scale simulations, however, cannot investigate the effect of presence
of many copepods on the large-scale surrounding flow. It is well-known that the presence of small
microorganisms [28] and even passive particles [77] can affect the large-scale flow and its rheology.
Previous simulations of copepods motion in large-scale flow [31,32,34] did not consider the effect
of copepods on the large-scale flow, i.e., one way coupled (Section 2.1). To investigate the effect of
copepods on the large-scale surrounding flow a multi-scale, two-way coupled simulation is required.
One possible way for such multi-scale simulations is to couple appendage-scale (Section 2.2) to
large-scale (Section 2.1) simulations. Each appendage-scale simulation will provide the force at the
copepod location (f in the right-hand-side of Equation (1)) for the large-scale simulation while the
large-scale simulation will provide the flow conditions (incoming velocity magnitude and direction)
at copepod locations for appendage-scale simulations, i.e., two-way coupled. Note such simulations
will be computationally expensive and using parallel computing is a must. Finally, such multi-scale
simulations do not need modeling (random walks [31] or Lagrangian modeling of jumps [34]) to
calculate the trajectories of copepods’ motion in a turbulent flow, thereby providing a more accurate
contact rate and clustering of copepods. Contact rates and clustering of copepods are directly related
to the probability of encountering food, mates, or predators. Better approximations of contact rate
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through two-way, multi-scale simulations enable answering important ecological question involving
the three major survival tasks, i.e., feeding, predator avoidance, and mate-finding.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2311-5521/5/2/52/s1,
Video S1: The top view of out-of-plane vorticity contours on the midplane of the copepod with deformable
antennea. Video S2: 3D vortical structures visualized by the iso-surfaces of g-criterion around the copepod with
deformable antennea.

Funding: This work was partially supported by National Science Foundation career grant CBET 1453982.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Boxshall, G.A.; Halsey, S.H. An Introduction to Copepod Diversity; Ray Society: Andover, UK, 2004.

2. Friedman, M.M,; Strickler, ].R. Chemoreceptors and Feeding in Calanoid Copepods (Arthropoda: Crustacea).
Proc. Natl. Acad. Sci. USA 1975, 72, 4185. [CrossRef] [PubMed]

3.  Strickler, J.R.; Bal, A.K. Setae of the First Antennae of the Copepod Cyclops scutifer (Sars): Their Structure
and Importance. Proc. Natl. Acad. Sci. USA 1973, 70, 2656. [CrossRef] [PubMed]

4. Borazjani, I.; Sotiropoulos, E; Malkiel, E.; Katz, ]. On the role of copepod antenna in the production of
hydrodynamic force during hopping. J. Exp. Biol. 2010, 213, 3019-3035. [CrossRef] [PubMed]

5. Nejstgaard, ].C.; Frischer, M.E.; Simonelli, P; Troedsson, C.; Brakel, M.; Adiyaman, F.; Sazhin, A.F;
Artigas, L.F. Quantitative PCR to estimate copepod feeding. Mar. Biol. 2008, 153, 565-577. [CrossRef]

6. Koehl, M.AR; Strickler, ] R. Copepod Feeding Currents: Food Capture at Low Reynolds Number.
Limnol. Oceanogr. 1981, 26, 1062-1073. [CrossRef]

7. Svetlichny, L.S.; Hubareva, E.S. The energetics of Calanus euxinus: Locomotion, filtration of food and
specific dynamic action. J. Plankton Res. 2005, 27, 671. [CrossRef]

8. van Duren, L.A.; Stamhuis, E.J.; Videler, ].J. Copepod feeding currents: Flow patterns, filtration rates and
energetics. J. Exp. Biol. 2003, 206, 255. [CrossRef]

9.  Trager, G.; Achituv, Y,; Genin, A. Effects of prey escape ability, flow speed, and predator feeding mode on
zooplankton capture by barnacles. Mar. Biol. 1994, 120, 251. [CrossRef]

10.  Strickler, J.R. Swimming of planktonic Cyclops species (Copepoda, Crustacea): Pattern, movements and
their control. In Swimming and Flying in Nature; Springer: Boston, MA, USA, 1975; Volume 2.

11.  Alcaraz, M.; Strickler, J.R. Locomotion in copepods: Pattern of movements and energetics of Cyclops.
Hydrobiologia 1988, 167-168, 409. [CrossRef]

12.  Lenz, P.H.; Hower, A.E.; Hartline, D.K. Force production during pereiopod power strokes in Calanus
finmarchicus. J. Mar. Syst. 2004, 49, 133-144. [CrossRef]

13. Buskey, E.J.; Lenz, PH.; Hartline, D.K. Escape behavior of planktonic copepods in response to hydrodynamic
disturbances: high speed video analysis. Mar. Ecol. Prog. Ser. 2002, 235, 135-146. [CrossRef]

14. van Duren, L.A ; Videler, ].]. Escape from viscosity: The kinematics and hydrodynamics of copepod foraging
and escape swimming. . Exp. Biol. 2003, 206, 269. [CrossRef] [PubMed]

15.  Yamazaki, H.; Squires, K.D. Comparison of oceanic turbulence and copepod swimming. Mar. Ecol. Prog. Ser.
1996, 144, 299-301. [CrossRef]

16. Webster, D.; Young, D.; Yen, ]. Copepods’ response to Burgers’ vortex: Deconstructing interactions of
copepods with turbulence. Integr. Compar. Biol. 2015, 55, 706-718. [CrossRef]

17.  Lenz, PH.; Hartline, D.K. Reaction times and force production during escape behavior of a calanoid copepod,
Undinula vulgaris. Mar. Biol. 1999, 133, 249. [CrossRef]

18.  Yen,]; Lenz, PH.; Gassie, D.V.; Hartline, D.K. Mechanoreception in marine copepods: Electrophysiological
studies on the first antennae. . Plankton Res. 1992, 14, 495. [CrossRef]

19. Yen, J.; Strickler, J.R. Advertisement and Concealment in the Plankton: What Makes a Copepod
Hydrodynamically Conspicuous? Invertebr. Biol. 1996, 115, 191-205. [CrossRef]

20. Catton, K.B.; Yen, J.; Webster, D.R.; Brown, J. Quantitative analysis of tethered and free-swimming copepodid
flow fields. J. Exp. Biol. 2007, 210, 299-310. [CrossRef] [PubMed]

21. Malkiel, E.; Sheng, J.; Katz, J.; Strickler, ].R. The three-dimensional flow field generated by a feeding calanoid
copepod measured using digital holography. J. Exp. Biol. 2003, 206, 3657-3666. [CrossRef] [PubMed]


http://www.mdpi.com/2311-5521/5/2/52/s1
http://dx.doi.org/10.1073/pnas.72.10.4185
http://www.ncbi.nlm.nih.gov/pubmed/1060099
http://dx.doi.org/10.1073/pnas.70.9.2656
http://www.ncbi.nlm.nih.gov/pubmed/16592109
http://dx.doi.org/10.1242/jeb.043588
http://www.ncbi.nlm.nih.gov/pubmed/20709931
http://dx.doi.org/10.1007/s00227-007-0830-x
http://dx.doi.org/10.4319/lo.1981.26.6.1062
http://dx.doi.org/10.1093/plankt/fbi041
http://dx.doi.org/10.1242/jeb.00078
http://dx.doi.org/10.1007/BF00349685
http://dx.doi.org/10.1007/BF00026333
http://dx.doi.org/10.1016/j.jmarsys.2003.05.006
http://dx.doi.org/10.3354/meps235135
http://dx.doi.org/10.1242/jeb.00079
http://www.ncbi.nlm.nih.gov/pubmed/12477897
http://dx.doi.org/10.3354/meps144299
http://dx.doi.org/10.1093/icb/icv054
http://dx.doi.org/10.1007/s002270050464
http://dx.doi.org/10.1093/plankt/14.4.495
http://dx.doi.org/10.2307/3226930
http://dx.doi.org/10.1242/jeb.02633
http://www.ncbi.nlm.nih.gov/pubmed/17210966
http://dx.doi.org/10.1242/jeb.00586
http://www.ncbi.nlm.nih.gov/pubmed/12966057

Fluids 2020, 5, 52 10 of 12

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

46.

47.

Stamhuis, E.; Videler, J. Quantitative flow analysis around aquatic animals using laser sheet particle image
velocimetry. |. Exp. Biol. 1995, 198, 283-294. [PubMed]

Murphy, D.; Webster, D.; Yen, J. A high-speed tomographic PIV system for measuring zooplanktonic flow.
Limnol. Oceanogr. Methods 2012, 10, 1096-1112. [CrossRef]

Jiang, H.; Osborn, T.R. Hydrodynamics of Copepods: A Review. Surv. Geophys. 2004, 25, 339. [CrossRef]
Jiang, H. Numerical simulation of the flow field at the scale size of an individual copepod. In Handbook of
Scaling Methods in Aquatic Ecology: Measurement, Analysis, Simulation; CRC Press: Boca Raton, FL, USA, 2004,
pp. 333-359.

Jiang, H.; Osborn, T.R.; Meneveau, C. The flow field around a freely swimming copepod in steady motion.
Part I: Theoretical analysis. J. Plankton Res. 2002, 24, 167. [CrossRef]

Zhong, W.; Yu, A.; Liu, X,; Tong, Z.; Zhang, H. DEM/CFD-DEM Modelling of Non-spherical Particulate
Systems: Theoretical Developments and Applications. Powder Technol. 2016, 302, 108-152. [CrossRef]
Koch, D.L.; Subramanian, G. Collective hydrodynamics of swimming microorganisms: Living fluids.
Annu. Rev. Fluid Mech. 2011, 43, 637-659. [CrossRef]

Jiang, H.; Kierboe, T. The fluid dynamics of swimming by jumping in copepods. J. R. Soc. Interface 2011,
8, 1090-1103. [CrossRef]

Jiang, H.; Kierboe, T. Propulsion efficiency and imposed flow fields of a copepod jump. J. Exp. Biol. 2011,
214, 476-486. [CrossRef]

Yamazaki, H.; Osborn, T.R.; Squires, K.D. Direct numerical simulation of planktonic contact in turbulent
flow. J. Plankton Res. 1991, 13, 629-643. [CrossRef]

Squires, K.D.; Yamazaki, H. Preferential concentration of marine particles in isotropic turbulence. Deep Sea
Res. Part I Oceanogr. Res. Pap. 1995, 42, 1989-2004. [CrossRef]

Lewis, D.; Pedley, T. Planktonic contact rates in homogeneous isotropic turbulence: Theoretical predictions
and kinematic simulations. J. Theor. Biol. 2000, 205, 377-408. [CrossRef]

Ardeshiri, H.; Benkeddad, I.; Schmitt, F.G.; Souissi, S.; Toschi, E.; Calzavarini, E. Lagrangian model of
copepod dynamics: Clustering by escape jumps in turbulence. Phys. Rev. E 2016, 93, 043117. [CrossRef]
[PubMed]

Elghobashi, S.; Truesdell, G. On the two-way interaction between homogeneous turbulence and dispersed
solid particles. I: Turbulence modification. Phys. Fluids A Fluid Dyn. 1993, 5, 1790-1801. [CrossRef]
Truesdell, G.; Elghobashi, S. On the two-way interaction between homogeneous turbulence and dispersed
solid particles. II. Particle dispersion. Phys. Fluids 1994, 6, 1405-1407. [CrossRef]

Borazjani, I.; Akbarzadeh, A. Large Eddy Simulations of Flows with Moving Boundaries. In Modeling and
Simulation of Turbulent Mixing and Reaction; Springer: Singapore, 2020; pp. 201-225.

Donea, J.; Huerta, A.; Ponthot, ].P.; Rodriguez-Ferran, A., Arbitrary Lagrangian-Eulerian Methods.
In Encyclopedia of Computational Mechanics; American Cancer Society: Atlanta, GA, USA, 2004; Chapter 14.
[CrossRef]

Mittal, R.; Iaccarino, G. Immersed boundary methods. Annu. Rev. Fluid Mech. 2005, 37, 239-261. [CrossRef]
Tucker, P; Pan, Z. A Cartesian cut cell method for incompressible viscous flow. Appl. Math. Model. 2000,
24, 591-606. [CrossRef]

Glowinski, R.; Pan, TW.; Hesla, T.L; Joseph, D.D. A distributed Lagrange multiplier/fictitious domain
method for particulate flows. Int. J. Multiphase Flow 1999, 25, 755-794. [CrossRef]

Peskin, C. Numerical Analysis of Blood Flow in the Heart. |. Comput. Phys. 1977, 25, 220. [CrossRef]
Peskin, C.; McQueen, D. A three-dimensional computational method for blood flow in the heart. 1. Immersed
elastic fibers in a viscous incompressible fluid. J. Comput. Phys. 1989, 81, 372—405. [CrossRef]

Peskin, C.S. Flow Patterns Around Heart Valves: A Numerical Method. |. Comput. Phys. 1972, 10, 252-271.
[CrossRef]

Gilmanov, A.; Sotiropoulos, F. A hybrid Cartesian/immersed boundary method for simulating flows with
3D, geometrically complex, moving bodies. |. Comput. Phys. 2005, 207, 457. [CrossRef]

Borazjani, I.; Ge, L.; Sotiropoulos, E. Curvilinear immersed boundary method for simulating fluid structure
interaction with complex 3D rigid bodies. J. Comput. Phys. 2008, 227, 7587-7620. [CrossRef] [PubMed]

Ge, L.; Sotiropoulos, F. A numerical method for solving the 3D unsteady incompressible Navier-Stokes
equations in curvilinear domains with complex immersed boundaries. J. Comput. Phys. 2007, 225, 1782-1809.
[CrossRef] [PubMed]


http://www.ncbi.nlm.nih.gov/pubmed/9317812
http://dx.doi.org/10.4319/lom.2012.10.1096
http://dx.doi.org/10.1007/s10712-003-1282-6
http://dx.doi.org/10.1093/plankt/24.3.167
http://dx.doi.org/10.1016/j.powtec.2016.07.010
http://dx.doi.org/10.1146/annurev-fluid-121108-145434
http://dx.doi.org/10.1098/rsif.2010.0481
http://dx.doi.org/10.1242/jeb.049288
http://dx.doi.org/10.1093/plankt/13.3.629
http://dx.doi.org/10.1016/0967-0637(95)00079-8
http://dx.doi.org/10.1006/jtbi.2000.2073
http://dx.doi.org/10.1103/PhysRevE.93.043117
http://www.ncbi.nlm.nih.gov/pubmed/27176400
http://dx.doi.org/10.1063/1.858854
http://dx.doi.org/10.1063/1.868254
http://dx.doi.org/10.1002/0470091355.ecm009
http://dx.doi.org/10.1146/annurev.fluid.37.061903.175743
http://dx.doi.org/10.1016/S0307-904X(00)00005-6
http://dx.doi.org/10.1016/S0301-9322(98)00048-2
http://dx.doi.org/10.1016/0021-9991(77)90100-0
http://dx.doi.org/10.1016/0021-9991(89)90213-1
http://dx.doi.org/10.1016/0021-9991(72)90065-4
http://dx.doi.org/10.1016/j.jcp.2005.01.020
http://dx.doi.org/10.1016/j.jcp.2008.04.028
http://www.ncbi.nlm.nih.gov/pubmed/20981246
http://dx.doi.org/10.1016/j.jcp.2007.02.017
http://www.ncbi.nlm.nih.gov/pubmed/19194533

Fluids 2020, 5, 52 11 0f12

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Balay, S.; Buschelman, K.; Gropp, W.D.; Kaushik, D.; Knepley, M.G.; Mclnnes, L.C.; Smith, B.E; Zhang, H.
PETSc Web Page 2001. Available online: http://www.mcs.anl.gov/petsc (accessed on 16 April 2020).
Borazjani, I. Fluid-structure interaction, immersed boundary-finite element method simulations of
bio-prosthetic heart valves. Comput. Methods Appl. Mech. Eng. 2013, 257, 103-116. [CrossRef]

Borazjani, I.; Ge, L.; Le, T.; Sotiropoulos, E. A parallel overset-curvilinear-immersed boundary framework
for simulating complex 3D incompressible flows. Comput. Fluids 2013, 77, 76-96. [CrossRef] [PubMed]
Asgharzadeh, H.; Borazjani, I. A Newton-Krylov method with an approximate analytical Jacobian
for implicit solution of Navier-Stokes equations on staggered overset-curvilinear grids with immersed
boundaries. J. Comput. Phys. 2017, 331, 227-256. [CrossRef]

Behara, S.; Borazjani, I.; Sotiropoulos, F. Vortex-induced vibrations of an elastically mounted sphere with
three degrees of freedom at Re=300: Hysteresis and vortex shedding modes. J. Fluid Mech. 2011, 686, 426—450.
[CrossRef]

Borazjani, I.; Sotiropoulos, F. Vortex-induced vibrations of two cylinders in tandem arrangement in the
proximity—wake interference region. J. Fluid Mech. 2009, 621, 321. [CrossRef]

Borazjani, I. The functional role of caudal and anal/dorsal fins during the C-start of a bluegill sunfish.
J. Exp. Biol. 2013, 216, 1658-1669. [CrossRef]

Borazjani, I.; Daghooghi, M. The fish tail motion forms an attached leading edge vortex. Proc. R. Soc. B 2013,
280, 20122071. [CrossRef]

Borazjani, I.; Sotiropoulos, F. Numerical investigation of the hydrodynamics of carangiform swimming in
the transitional and inertial flow regimes. J. Exp. Biol. 2008, 211, 1541-1558. [CrossRef]

Borazjani, I.; Sotiropoulos, F. Numerical investigation of the hydrodynamics of anguilliform swimming in
the transitional and inertial flow regimes. J. Exp. Biol. 2009, 212, 576-592. [CrossRef] [PubMed]

Borazjani, I.; Sotiropoulos, F. Why don’t mackerels swim like eels? The role of form and kinematics on the
hydrodynamics of undulatory swimming. Phys. Fluids 2009, 21, 091109. [CrossRef]

Borazjani, I.; Sotiropoulos, F. On the role of form and kinematics on the hydrodynamics of self-propelled
body/caudal fin swimming. J. Exp. Biol. 2010, 213, 89-107. [CrossRef] [PubMed]

Borazjani, I.; Sotiropoulos, F.; Tytell, E.D.; Lauder, G.V. Hydrodynamics of the bluegill sunfish c-start escape
response: Three-dimensional simulations and comparison with experimental data. . Exp. Biol. 2012,
215, 671-684. [CrossRef] [PubMed]

Daghooghi, M.; Borazjani, I. The hydrodynamic advantages of synchronized swimming in a rectangular
pattern. Bioinspir. Biomim. 2015, 10, 056018. [CrossRef]

Daghooghi, M.; Borazjani, I. Self-propelled swimming simulations of bio-inspired smart structures.
Bioinspir. Biomim. 2016, 11, 056001. [CrossRef]

Tytell, E.D.; Borazjani, I.; Sotiropoulos, F.; Baker, T.V.; Anderson, E.J.; Lauder, G.V. Disentangling the
functional roles of morphology and motion in the swimming of fish. Integr. Compar. Biol. 2010, 50, 1140-1154.
[CrossRef]

Borazjani, I.; Ge, L.; Sotiropoulos, F. High-Resolution Fluid-Structure Interaction Simulations of Flow
Through a Bi-Leaflet Mechanical Heart Valve in an Anatomic Aorta. Ann. Biomed. Eng. 2010, 38, 326-344.
[CrossRef]

Borazjani, I.; Sotiropoulos, F. The effect of implantation orientation of a bi-leaflet mechanical heart valve
on kinematics and hemodynamics in an anatomic aorta. ASME ]. Biomech. Eng. 2010, 132, 111005-111008.
[CrossRef]

Borazjani, I.; Westerdale, J.; McMahon, E.; Rajaraman, P.K.; Heys, ].; Belohlavek, M. Left Ventricular Flow
Analysis: Recent Advances in Numerical Methods and Applications in Cardiac Ultrasound. Comput. Math.
Methods Med. Special Issue Comput. Anal. Coronary Ventric. Hemodyn. 2013, 2013, 395081-11. [CrossRef]

Le, T.B.; Borazjani, I.; Sotiropoulos, F. Pulsatile Flow Effects on the Hemodynamics of Intracranial Aneurysms.
J. Biomech. Eng. 2010, 132, 111009. [CrossRef] [PubMed]

Song, Z.; Borazjani, I. The role of shape and heart rate on the performance of the left ventricle. J. Biomech. Eng.
2015, 137, 114501. [CrossRef] [PubMed]

Hedayat, M.; Borazjani, I. Comparison of platelet activation through hinge vs bulk flow in bileaflet
mechanical heart valves. J. Biomech. 2019, 83, 280-290. [CrossRef] [PubMed]

Hedayat, M.; Asgharzadeh, H.; Borazjani, I. Platelet activation of mechanical versus bioprosthetic heart
valves during systole. J. Biomech. 2017, 56, 111-116. [CrossRef] [PubMed]


http://www.mcs.anl.gov/petsc
http://dx.doi.org/10.1016/j.cma.2013.01.010
http://dx.doi.org/10.1016/j.compfluid.2013.02.017
http://www.ncbi.nlm.nih.gov/pubmed/23833331
http://dx.doi.org/10.1016/j.jcp.2016.11.033
http://dx.doi.org/10.1017/jfm.2011.339
http://dx.doi.org/10.1017/S0022112008004850
http://dx.doi.org/10.1242/jeb.079434
http://dx.doi.org/10.1098/rspb.2012.2071
http://dx.doi.org/10.1242/jeb.015644
http://dx.doi.org/10.1242/jeb.025007
http://www.ncbi.nlm.nih.gov/pubmed/19181905
http://dx.doi.org/10.1063/1.3205869
http://dx.doi.org/10.1242/jeb.030932
http://www.ncbi.nlm.nih.gov/pubmed/20008366
http://dx.doi.org/10.1242/jeb.063016
http://www.ncbi.nlm.nih.gov/pubmed/22279075
http://dx.doi.org/10.1088/1748-3190/10/5/056018
http://dx.doi.org/10.1088/1748-3190/11/5/056001
http://dx.doi.org/10.1093/icb/icq057
http://dx.doi.org/10.1007/s10439-009-9807-x
http://dx.doi.org/10.1115/1.4002491
http://dx.doi.org/10.1155/2013/395081
http://dx.doi.org/10.1115/1.4002702
http://www.ncbi.nlm.nih.gov/pubmed/21034150
http://dx.doi.org/10.1115/1.4031468
http://www.ncbi.nlm.nih.gov/pubmed/26312776
http://dx.doi.org/10.1016/j.jbiomech.2018.12.003
http://www.ncbi.nlm.nih.gov/pubmed/30579576
http://dx.doi.org/10.1016/j.jbiomech.2017.03.002
http://www.ncbi.nlm.nih.gov/pubmed/28347474

Fluids 2020, 5, 52 12 0of 12

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Khosronejad, A.; Kang, S.; Borazjani, I.; Sotiropoulos, F. Curvilinear immersed boundary method for
simulating coupled flow and bed morphodynamic interactions due to sediment transport phenomena.
Adv. Water Resour. 2011, 34, 829-843. [CrossRef]

Akbarzadeh, A.; Borazjani, I. A numerical study on controlling flow separation via surface morphing in
the form of backward traveling waves. In Proceedings of the AIAA Aviation 2019 Forum, Dallas, TX, USA,
17-21 June 2019.

Akbarzadeh, A.M.; Borazjani, I. Reducing flow separation of an inclined plate via travelling waves.
J. Fluid Mech. 2019, 880, 831-863. [CrossRef]

Akbarzadeh, A.M.; Borazjani, I. Large eddy simulations of a turbulent channel flow with a deforming wall
undergoing high steepness traveling waves. Phys. Fluids 2019, 31, 125107. [CrossRef]

Asadi, H.; Asgharzadeh, H.; Borazjani, I. On the scaling of propagation of periodically generated vortex
rings. J. Fluid Mech. 2018, 853, 150-170. [CrossRef]

Daghooghi, M.; Borazjani, I. The influence of inertia on the rheology of a periodic suspension of neutrally
buoyant rigid ellipsoids. J. Fluid Mech. 2015, 781, 506-549. [CrossRef]

Daghooghi, M.; Borazjani, I. The effects of irregular shape on the particle stress of dilute suspensions.
J. Fluid Mech. 2018, 839, 663-692. [CrossRef]

Ardeshiri, H.; Schmitt, F.; Souissi, S.; Toschi, F.; Calzavarini, E. Copepods encounter rates from a model of
escape jump behaviour in turbulence. ]. Plankton Res. 2017, 39, 878-890. [CrossRef]

Jiang, H.; Meneveau, C.; Osborn, T.R. Numerical study of the feeding current around a copepod.
J. Plankton Res. 1999, 21, 1391. [CrossRef]

Jiang, H.; Meneveau, C.; Osborn, T.R. The flow field around a freely swimming copepod in steady motion.
Part II: Numerical simulation. J. Plankton Res. 2002, 24, 191. [CrossRef]

Jiang, H.; Osborn, T.R.; Meneveau, C. Hydrodynamic interaction between two copepods: A numerical study.
J. Plankton Res. 2002, 24, 235. [CrossRef]

Hunt, J.C.; Wray, A.A.; Moin, P. Eddies, Streams, and Convergence Zones in Turbulent Flows; Center for
Turbulence Research Report CTR-588; NASA: Washington, DC, USA, 1988.

Bottom II, R.; Borazjani, I.; Blevins, E.; Lauder, G. Hydrodynamics of swimming in stingrays: Numerical
simulations and the role of the leading-edge vortex. J. Fluid Mech. 2016, 788, 407-443. [CrossRef]

Jumars, P.A.; Trowbridge, ].H.; Boss, E.; Karp-Boss, L. Turbulence-plankton interactions: A new cartoon.
Mar. Ecol. 2009, 30, 133-150. [CrossRef]

® (© 2020 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.advwatres.2011.02.017
http://dx.doi.org/10.1017/jfm.2019.705
http://dx.doi.org/10.1063/1.5131268
http://dx.doi.org/10.1017/jfm.2018.529
http://dx.doi.org/10.1017/jfm.2015.504
http://dx.doi.org/10.1017/jfm.2018.65
http://dx.doi.org/10.1093/plankt/fbx051
http://dx.doi.org/10.1093/plankt/21.8.1391
http://dx.doi.org/10.1093/plankt/24.3.191
http://dx.doi.org/10.1093/plankt/24.3.235
http://dx.doi.org/10.1017/jfm.2015.702
http://dx.doi.org/10.1111/j.1439-0485.2009.00288.x
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Overview of Numerical Methods for Simulations of Copepods
	Force-Field Simulations
	Appendage-Scale Simulations

	Results from Previous Simulations of Copepods
	Discussions and Future Directions
	References

