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ABSTRACT: When two planktonic microorganisms areciase proximity, the geometry of the surrounditaf

field is distorted and this gives rise to hydromeadbal disturbances. Copepods can sense thesebdistes and
utilize them to detect the presence of other miganisms in the vicinity. In this paper we formeldta kinematic
simulation model of prey detection by copepods urgieall scale turbulence. The results of our amaljsve

shown that the detection (contact) distance isreanyc entity rather a fixed number. Furthermoreygrerception
depends on relative orientations between predabpeey.

1 Introduction

One can define an encounter (contact) betwgalanktonic predator and its prey as an event
when the two microorganisms move to within a fixkstance (termed the contact radius) from
each other [5]. Once they are within this distartbe, predator can detect the presence of the
prey. The detection technique could be visual, asfish larvae, or chemical and
hydromechanical signals (see [3, 16, 17, 4]). Fovisual encounter, explicit geometrical
representations of encounter scenarios such asigmasg of the perception field (detection
region) together with some physical insights intee tencounter process allow for the
development of encounter rates equations (seet[H,110, 8]).

The encounter scenario for hydromechanicatgpgion does not conform to any specific
geometry (see [2]). Experimental and theoreticaksgtigations have shown that the ability to
detect and react to hydromechanical signals is éeleloped in copepods (see [16, 17]). Their
first antennae are adorned with array of hair-Bkéae which are highly sensitive to fluid motion
(see [21]) and can sense the flow disturbance g&teby other bodies in close proximity (see
[17, 18, 21]). Although there exists a lot of ewide in support of the fact that copepods respond
behaviourally to hydromechanical signals, it is mety clear which components of the fluid
disturbance (fluid velocity, velocity gradient, iluacceleration) they respond to. [15] reported
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that for predators perceiving prey, the relevaghal strength is the absolute magnitude of the
velocity.

The aim of this paper is to create a highimgified model of planktonic encounter rates
using hydromechanical signals as a means of detectihe simplest possible analytical model
of this scenario is the case of two rigid spheresving past each other in a viscous
incompressible fluid. Using the solution of Stokeguations in bispherical coordinates and
Kinematic simulation, a novel model will be formtdd which will attempt to predict
hydrodynamic signal emanating from a small micraaigm as it moves through a fluid. The
strength and range of this signal (with allowantesle for attenuation arising from the presence
of the background turbulence which need to be takem account over larger distances) will
then be utilized to estimate the possibility theg ticroorganism can be perceived by a potential
predator.

2 Formulation of the Encounter Rate Model
In this paper, the framework for planktonregator prey interactions modelled as two rigid

spheres moving in a viscous fluid will be formuthtdhese calculations will form the basis for
investigations under small scale turbulence typidalund in the habitat of planktonic copepods.

o

Figure 1 Geometry of the encounter situation betwee predator and prey showing typical antenndiposand the
contact angle & ). The contact distance is defined ds= h, +h, —(R +R,), where R and R, are the

predator and prey sizes respectiveyy, and Yy, are the position vectors of the of the predatat prey from
some reference poidtrespectively.
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Let two planktonic microorganisms be initiafigsitioned at a distard apart. Geometrically
this can be described as in Figure 3. The inhdyispiherical nature of the problem suggests that
it can best be tackled using a bispherical cootdirsystem (&,/7,¢) in which the governing
equations and the boundary conditions can be accoatad relatively easily. In terms of
cylindrical coordinateqp, z,¢), the bispherical coordinates are given by Damiafd20

_ csing _csinhé _
=— =1 z=— =¥} 1
coshé —cosy coshé —cosy v=e @
Here
0<n<n, —00 < £ <o, 0<¢<2n. )

In this work, we shall assumed that the sphaibove the planez =0 (see Figure 3)
corresponds tof =&, (the predator) with radiu®k and the sphere in the lower half plane
corresponds té&f = =¢,, (the prey) with radiusR, and that bothé,,¢£, are positive. The centre
to centre separation between the two sphericalesodill be denoted byD =h, +h, where

h?, = R?, +c* (see Figure 3). We assumed further that the poediais an antennae which are
situated perpendicular to its direction of motion.

2.1 Governing Equations and Solution

When considering the problem of prey percgptin planktonic copepods by means
hydromechanical signals in turbulent flow, the dyi@equations of the surrounding flow field
around the two bodies are too complex to solvedtaitl In lieu of the actual flow field, a
simplified model that is valid at low Reynolds nuenlzould be adopted to estimate the signal
strength in flows dominated by inertia. Even wheimsming in a turbulent flow the dynamics of
hydromechanical signalling is likely to be heavihfluenced by the viscosity of the fluid,
because over small distances (when two bodieslgse together) viscosity is the determining
characteristic of the background flow. So even gfothe global Reynolds number might be
large, locally (that in the vicinity of the copep®dhydromechanical-receptors) it will be small
enough to justify the application of a model basedhe Stokes equations. Furthermore, the size
of a sphere representing a predator used in thalaions is %¥10° m, the largest average
swimming speed being 3710 m s™ Thus, the Reynolds numbeR =  1.12.

Suppose we wish to determine the velocitiglfie the vicinity of a planktonic predator and
its prey as depicted in Figure 3. We assumed tletihtenna does not alter the flow field and
that the flow is sufficiently slow for the velocifield v to satisfy the Stokes equations

(0?v = 0P, (3)
Olv =0 (4)

where u is the dynamic viscosity of the fluid anB the pressure field. The cylindrical
components of the velocity fields satisfy the fqisee [13, 1])
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v, = SCEWs +w; + W) )
= [CWo+ 200)] ©)
2°cC
1 _
Vo = E[(Wo ' _Wol)]’ (7)
whereW, expressed explicitly in terms of bispherical cooates are given by
1o o _
W, =423 T A, cost(aé) + By, sin(ad)IR, €ogr7)), (8)
—i le i =i . i
Wo = A2 > Ao cos(qé) + Bon sinh(qé)]1R, €os17)). 9)
g= 2n+1, P!(u) are associated Legendre polynomials of omi@nd ranki defined by
i i di
Py (u) = (1-p*)" W 02 (10)
A = (cosH&) - codn)). (11)

To solve equations (3) and (3), it sufficesl&ermine the various constamgh,ﬂion, Bgn,EiOn

such that the equations are satisfied. These hexs sved in bispherical coordinates to give a
truncated infinite series. For full account of thaution see [1]. The solution is given by the
system of equations (12) to ( (16) )

0=5A0m — 20 Aoy + (N+1) Aoeey + 247 = Ak = Ak
~2n(n+1)A;, +(n+2)(n+ DAy + 21+ 2n) A7,
- ZnA?(n-l) - 2(” + 1)A?(n+1) - n(l_ n)Atl)(n-l) (12)

0 =0 =0 -1 -1 -1
0=5Bon — 2nBog-1) + (N +1)Bowme) + 2B)r — Bynsy ~ Booy
—2n(n+1)B5, +(n+2)(n+1)B}.., -~ 22n+1)BY,

+ Znt(n—l) + 2(” +1)Bg(n+1) - n(l_ n)Bé(n—l)' (13)
A (o, B0, ) = Sin%munu;“ - cosHEA, (A, B2, 4) (14)
+ nAn—l(Aé)1 BO'{) + (n+1)/\n+1(A?’ BO'{)), n=> O
2n-1 2n+3
1Rl gy — 1 0 RO 7y _ T
/\n(A\’)’ BO!E) - (2n_1)sindg)(An—l(A) ’ BO 75) /]n—:LUz ) (15)
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1 0 R0 oy _ i
e gysin@) (B ) AU, n2l

4 p1 - —N(n+l) 0 RO 7y _ il
N (A, B ’E)_—(Zn—l)sinh({)(/\”_l('%’B §)=A.U, ) (16)

__nin+d) 0 BY &) — 1
+(2n+3)sin|,(<()(/\n+1(A_)1B ’f) An+le ) n=1.

1

I n+= & . —n+£.{
Here /\n(A,B,E):A;e( "‘j +B,']e( 2] i =0-1,1 U!" are predator and prey speeds
respectively and
1 3
e—(n—5]|e’| e—(n+5j|e’|

A =——( -
2n-1 2n+3

).

By solving the system of equations (12) tb)(for the coefficientsA's and B's the flow
field in the surrounding the predator and preyatednined.

3 Kinematic Simulation

KS is a Lagrangian model that can be usedaitktindividual particles by following their
trajectories. In this method, the turbulent flonassumed to be homogeneous and isotropic and
the velocity fields are simulated using a large bhamof Fourier modes (see [7, 9, 10, 8, 12]).
The flow fields are constructed to satisfy the mpoessibility condition but it is not require to
satisfy the Navier-Stokes equations . Rathered@ks to generate flow regimes which mimic
universal properties of turbulent flow on small Issawithout reference to any boundary
condition that drive it.

One of the key parameters needed to consk@ctlow fields is the rate at which the
turbulent kinetic energy is dissipated into intérn@at. This is commonly denoted ly), the
([ denote ensemble average.

The flow field constructed in this paper isséd on the recipe of [9]. See the paper for full
account of Ks and its construction. It suffices&y here that the rate of energy dissipation rate
used in this work ig€) =5.53x10° m?s~ (see [20]).

3.1 Model setup

To formulate the encounter rate model betwpkmktonic predator and its prey in a
turbulent simulation, we shall assumed that thelgiee has antennae which are always aligned
perpendicular to its swimming direction. We shallsoa assumed that the relevant
hydromechanical signals are detected at the tgnefof the antennae. To set up the model, the
position of the antenna will be formulated first.

Let the position vector of the prey and predatonfrsome reference poiatbe given byy,, and
y, respectively. This set up is depicted on Figuran8 the antenna positiofA ) can be

pos
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defined as

Apos:hIOPH +R105+|a0 (17)

ant?
where U, is a unit vector,|, is the length of the antenna afd, and G, are unit vectors.

Having specify the antenna position, the relevagria strength at its tip can be found. The unit
vector U_, can be defined in spherical coordinates as

ant
0., = (sinfcosp,sin@sing cosb), (18)

where ¢,6 are the azimuthal and zenith angles respectivBy.calculate the unit vector
numerically, the azimuthal angle is randomly geteztaBecause the antenna is perpendicular to
z

the swimming direction, we must hawg @, 9D, = (v;,vg,vp), then using equation (18)
a relation for@ can be written as

6= arcta{ - Ve _ j (29)
Vv, COS@+ V) sing

Now the cylindrical coordinatep and z can be written in terms of the antenna position as
follows. Let A = (Agos, y A;OS). Then From equation (1)

0S !

=y = () + (AL (20)
z= A (21)
Given any predator-prey separatidn the parameters,h,,h, can now be calculated.
From equation (1) we obtained

coshé = pcosqpi csing. (22)
From equations (1) and (22) we obtained
- pPC
n=z= arctarEZm} (23)
Using equation (23) the following relations ateained
L 2cp
sing = ,
\/(CZ —p?- 22)2 +4c2p?
2 _ 22
cosy = (C p_z ) . (24)
\/(Cz —p?- 22)2 +4c2p?

Using equation (24) in (22) a formula for caldirig & is obtained as
Cz(1+4,02)—,02 _ 5
\/(Cz —p?- 22)2 +4c%p?

¢ =cosh* (25)
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3.2 Relevant hydromechanical stimuli

When a predator and prey are in close prayijrte flow-field geometries are distorted, the
extent of the distortion depending upon how faythee apart. The hydrodynamic disturbances
can cause a deformations of the streamlines arthendntennae of the predator, which can be
perceived as hydromechanical signals. Various compis of the fluid disturbance can
potentially serve as a mechanical cue elicitingaction. In this paper, the signal strength due to
velocity magnitude and the rate of deformation Wwélconsidered.

The deformation rate and the velocity magnitude lbélcalculated using

zz

S= Vo +VZ +Va, (27)

respectively. Heree,,, e,, €,,€,,¢€,, ande, are components of rate of stress tensor.
Following [2] the signal strengtl’ due to deformation can be defined by

s =14, (28)
wherel, is the length scale of the antenna. In what fodlothie threshold signal due to rate of
deformation and velocity magnitude are respectiesisumed to be 0.2 and 0.04 mm/s (see [21,
22]).

A:\/e§p+e;ﬂ+%e§¢+e2 e 1Te, (26)

3.3 Model execution

The simulation model is similar to those gf 19, 8] so that only the main differences will be
highlighted here. The basic simulation domain mube with varying sides (initial size of each
side of the domain is 0.5 m). The KS flow field wamstructed within the simulation domain.
Initially 512 prey and predators were introduce ithe domain. The same number of predators
was maintained throughout. We assumed that the gadicles were non-motile phytoplankton
with size 3x10™m. The second group with length sc810° mm was chosen to represent the
predators (see [6]). We further assume that antdangth of the template predator was
2x107°m (see [18]). The number of prey and predatorsdhiced into the domain initially were
equal (512). This fixes the prey density at a valti®&12/0.5 = 4.3 per litre a reasonable value
for the pelagic marine environment. The particleseninitially distributed randomly throughout
the domain, with no predator in contact with angypgall positioned at distance greater ti&n
mm).

The predator particles were then assignedommnwalk swimming speeds drawn from three
dimensional Gaussian distribution with zero mead atandard deviatiorr,, such that the

collective swimming speed i$v,,,) :\/EO'PH ((Vp,) are the average swimming speeds of
: g :

predators and prey). This velocity in essence dsfihe predators'/prey direction of motion in
the absence of any flow.
A predator/prey may change its swimming velocitycaitain fixed intervals during the
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simulation. This interval time scale is denotedzy, . The simulation has examined two kinds
of search patterns. One of which is the case wthergoredator never change their direction of
motions throughout a run of simulatior (, =« ). The second case predators swims by
changing direction every 2.7 secondsy( =0.2). The prey were assumed to be non-

swimming. The new innovation contained in the cofrmaodel is the coupling of the two sphere
model and the KS flow field.

3.3.1 Registering contacts

Deciding whether a prey in the vicinity opeedator would actually be detected by the latter
(and hence registered as a 'contact’) requiresthigasignal generated by the former which
propagates to the antenna tip should exceed the@mpte detection threshold. This decision
making process was done in a subroutine callediCesh. In summary, the determination of a
contact using this routine involves the followingss.

1. Using the predator and prey positions (isga the routine) the predator-prey separation
(d =d,) was calculated. This was followed by the caleatabf a unit vectomu,, (see equation
(18) ). The anglez was the generated randomly[277] from Gaussian distribution with mean
zero. This enables the calculation of the argjle

2. Usingd, the parameter valuds , ,c,&, ,, were calculated and hence the antenna position.

3. The cylindrical coordinates and z were then calculated from equations (20) and) (21
respectively and hencé .

4. The angleg and 7 were then calculated from equations (25) and (@§pectively.

5. The subroutine twosphere is where the nizaleevaluation of equations (12) to ( (16) )
were done. It returns the coefficients and impdilyatne signal strengths, to the subroutine
Conthresh.

6. Steps 1 to 5 were then repeated with distah=d, to obtain the signak, (when the
predator and prey are more than 12 mm apart, timstitute the background signal/noise).

7. The signalS=|s -s,| was then compared with the threshold vallie)( If S>Th, then

CC='YES' is returned to the main routine and cdmieas registered otherwise no contact and
CC='NO' is returned.

Whenever a contact has been designatedntiie &) formed by the line joining the centre
of the prey to the base of the predator's antemasemeasured (see Figure 5). This is called the
contact angle. Similarly, the distance (along time lof centres) between the surfaces of the
predator and prey was also measured. This is cdideedontact distance.
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4 Results and Discussion
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Figure 2 Number of contacts, average contact distancegfrded for 2 groups of 512 predators against the
swimming speeds for a signal based on the diffagrmetween velocity magnitudes. (a) Depicts the bainof
contacts for straight line swimmerk,( 7 = 00 ) and random walk swimmers (if,s-ght =0.2). (b) Depicts the

average contact distances recorded during the ationl against the predators' swimming speeds. Tmtact
distances are the separation between the predaigray on contact.

sight
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wak swim do not differ significantly. As o, increases, the trajectories of the predators
undergoing random walk become more and more convoluted as more time was spent re-tracking
the same volume of fluid (see [19]). Hence, the divergence of contact rate for the two motility
patterns.

Figures 2(b) and 3(b) show the average contact distances against the variances of swimming
speed. Comparison of the two Figures also shows that the average contact distances do not differ
so much when the different types of flow signa are employed. When swimming randomly
predators can perceive prey at marginally greater distances than when they swim in straight lines.

(b)

Figure 4: Frequency histogram for contact angles arising from signals due to velocity magnitude in one run of
simulations. These results are obtained by recording the angle ¢ (see Figure 6) whenever contact occur between a
predator and prey and using them to form the frequency histogram. (a) Depicts the results for the straight line
swimmers (b) Shows the results for the random walk swimmers
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(b)

Figure 5: Frequency histogram for contact angles arising from signal strength due to rate of deformation, in one
run of simulations. Other keys are the same as in Figure 5. (a) Depicts the results for the straight line swimmers (b)
Shows the results for the random walk swimmers

Whenever any contact was designated to have occurred, the contact angle (see Figures 1 and
6) was recorded. When the antenna is perpendicular to the line of centres and the predator is
moving in the direction of decreasing z,&« =0. The angles were used to form a frequency
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histogram as shown on Figures 4 and 5. These further serve to illustrate that planktonic particles
perceived their prey at a range of different orientations. When a predator and prey approaches
each other head on, the angle « is defined to be 0°. In al the Figures, more contacts were
recorded in the range [20, 40°] than any other relative orientation. Note that no contacts were

recorded at 90°. As the relative orientation — 90° from either direction, the antennae moved
further away from the scene of disturbance (see Figure 6).

Figure 6: Schematic diagram showing some possible range of the contact angle ¢ which depend on the position of
the antenna. When the antenna is perpendicular to the line of centres and the predator is moving in the direction of
decreasing z,« = 0. However, when the antennais perpendicular to the line of centres and the predator is moving

in the direction of increasing z, cw= 90°.

One observation that we can make from these results is that the number of contacts drops off
to zero in the range [60, 120°]. This does not necessarily means that contacts cannot occur in
those orientations. It is merely indicates that the net signals generated were not sufficient to rise
above the threshold.
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Figure7: Stem plot for contact distance against the contact number. For example, the first contact in (@) occurred at
adistance of 0.76 approximately. Thisis for signal strength due to velocity magnitude, in one set of the simulations.
(a) Isfor straight line swimmers while (b) is for random walk swimmers.
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Figure 8: Stem plot for contact distance against the contact number. For example, the first contact in (a) occurred at
adistance of 0.8 approximately. Thisis for signa strength due to deformation rate, in one run of simulations. (a) Is

for straight line swimmers while (b) isfor random wak swimmers.
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Figures 7 and 8 shows the stem plot illustrating the range of distances at which prey particles
were perceived for the two different motility patterns during one run of simulation. The results
were obtained by recording the first contact and the distance at which it occurred, the second
contact and the distance at which it occurred and so on. The large variation across the distances
suggest the existence of large error bars. The variations of the distances occur due to the
differences in the strength of the signal as predator and prey move towards each other. Small
distances are associated with low signals. When the signal strength is very high, the predator can
detect the presence of the prey some considerable distance away. The averages of these distances
over 10 runs of simulations at various speeds are depicted in Figures 2(b) and 3(b).

5 Conclusion

In this paper, encounter rates for predators perceiving prey by hydromechanica signalsin a
turbulent flow were studied. The model framework for determining the signal generated by a
small prey microorganism in the vicinity of a predator was constructed by employing methods
originaly designed to study the classical problem of two spheres of arbitrary sizes and speeds
faling in Stokes flow. Extensions to the classical problem were made by adding sensory
structures (antennae) to one of the spheres (predator). The new setting was then introduced into a
small scale turbulent flow. The rate at which a group of such predators encounter their prey was
then investigated using two forms of signal modalities. The main conclusions are as follows:

1. The contact radius of a typical planktonic predator is not a fix constant. Predators can
perceive prey over wide range of separation distances. This is in complete contrast to
predators with spherically symmetric perception field, where, prey are perceived at an
identical distancein al orientations.

2. Prey perception tend to occur when the relative orientation between the predator and prey
werein the range [20, 40°]

3. Predators swimming by changing directions tend to perceives prey marginaly further
away than those swimming constantly in straight lines.

Predators can perceive prey over wide range of separation distances.

In almost all encounter rates studies in literature the perception field of planktonic
predators is automatically assumed to be spherical. Here, more evidence were presented
that the perception field of predators perceiving prey by hydromechanical signals is not
spherical.

6. Thefinal conclusion isthat predators perceiving prey by hydromechanica means are more
sensitive to signals due to velocity magnitude than the deformation rates counterparts.
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