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ABSTRACT: Spatio-temporal hydrodynamic signal fields were quantified for ambush-feeding
Oithona plumifera females sensing motile Strobilidium ciliates. First, videotaped Oithona—ciliate
encounters were image-analyzed to retrieve ciliate trajectories, O. plumifera attack kinematics and
reaction distances to the ciliates. Second, using computational fluid dynamics (CFD), flow distur-
bances created by swimming ciliates were examined for 5 common ciliary forcing schemes. Third,
using the CFD results and measured ciliate trajectories as inputs, a hydrodynamic model was devel-
oped to calculate ciliate-generated hydrodynamic signal patterns for observed encounters. Wide
variance was found in measured reaction distances. Good correlations existed between measured
predator attack kinematics and measured pre-attack prey locations. Moreover, data analysis showed
that O. plumifera preferred small attack angles, presumably to enhance capture success. From
hydrodynamic modeling, several distinct spatio-temporal hydrodynamic signal patterns were identi-
fied, and estimated hydrodynamic signal strengths immediately prior to attack were all above a
minimum required signal level but differed substantially in magnitude. These results support the
notion that by monitoring and recognizing the spatio-temporal pattern of ciliate-created flow distur-
bances, O. plumifera can perceive and project the ciliate's instantaneous location and velocity, and
hence precisely time its attack when the ciliate reaches a location where it can most easily be cap-
tured. Instead of reacting to a constant signal strength, O. plumifera females adapt their capture
behaviors to perceived signal patterns. CFD simulations also revealed species-specific flow patterns
and spatial decays in hydrodynamic disturbances created by swimming protists. The predator may
use this species-specific information to distinguish among prey species.
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INTRODUCTION

Mechanoreception is the primary sense used by
predatory copepods to perceive their prey (e.g.
Strickler & Bal 1973, Kerfoot 1978, Yen & Strickler
1996, Fields & Yen 1997, Visser 2001, Bundy & Van-
derploeg 2002, and references therein). Predatory
copepods are able to remotely detect and adequately
respond to prey, presumably by using mechanorecep-
tors (setae) on their first antennae (A1) to sense prey-
induced hydrodynamic disturbances (e.g. Strickler
1975, Yen et al. 1992, Fields et al. 2002). Based on
observations of attacks by Cyclops on swimming Bos-
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mina, Kerfoot (1978) surmised that the predator may
become aware of the prey long before it initiates an
attack on the prey. The predator must decide
whether or not to attack, project speed and direction
of the approaching prey, and evaluate attack orienta-
tion and speed (if the predator decides to attack), all
within a short time interval after the prey is per-
ceived. Kerfoot observed that the predator waited
until the prey reached a location where a capture
attempt could more readily succeed before attacking
(Fig. 7 in Kerfoot 1978).

The hydrodynamic signals perceived by a predatory
copepod may vary spatially and temporally because:

© Inter-Research 2008 - www.int-res.com



38 Mar Ecol Prog Ser 373: 37-52, 2008

(1) the distance between the predator and the prey
may vary with time; (2) the prey may swim at changing
speed and/or direction (e.g. swimming along a curved
spiral trajectory; Svensen & Kierboe 2000, Broglio et al.
2001); (3) the prey may switch its swimming behavior
(e.g. Kerfoot 1978, Fields & Yen 1997); and (4) the
predator may also switch its swimming behavior (e.g.
Bundy et al. 1998). Thus, the hydrodynamic signal field
should consist of certain spatio-temporal patterns
perceived by the predatory copepod. We hypothesize
that by monitoring the spatially and temporally varied
hydrodynamic signal field (and recognizing the signal
patterns), the predatory copepod is able to project the
trajectory as well as the instantaneous swimming
velocity of the prey, and then to respond accordingly
(see also Zaret 1980). To our knowledge, no previous
study has characterized such spatio-temporal signal
patterns for real predator—prey interactions.

Planktonic cyclopoid copepods of the genus Oithona
are of ecological importance in oligotrophic environ-
ments (Paffenhofer 1993, Gallienne & Robins 2001),
and feed mainly on motile prey (Atkinson 1995, Naka-
mura & Turner 1997, Castellani et al. 2005). Without
creating feeding currents, Oithona spp. employ an
ambush feeding strategy aided by mechanoreceptive
setae covering their entire body (Paffenhofer 1993,
1998, Kierboe & Visser 1999). Previously, behavioral
observations have been made for O. similis adult
females preying on the heterotrophic dinoflagellate
Gymnodinium dominans (Svensen & Kierboe 2000)
and for O. plumifera adult females preying on the
dinoflagellate G. nelsoni and on nauplii of the copepod
Paracalanus aculeatus (Paffenhofer & Mazzocchi
2002). We report observations of O. plumifera adult
females feeding on the swimming ciliates Strobilidium
spp. Using an empirical modeling approach, we iden-
tified the prey-created hydrodynamic signal patterns
and investigated the role of the signal patterns in
shaping the predator's prey perception and attack
behavior.

MATERIALS AND METHODS

Collection and culture of organisms. Ciliates Strobi-
lidium spp. were collected from the southeastern US
continental shelf and kept in culture, with the flagel-
lates Isochrysis galbana and Rhodomonas spp. offered
as food at a total of 20 to 40 ng C 1'. Oithona plumifera
specimens were obtained, as described in an earlier
paper (Paffenhofer & Mazzocchi 2002), from outer
shelf oblique tows with 100 pm mesh and 4 1 cod ends.
Subsequently, laboratory rearing experiments were
performed under controlled conditions to obtain nau-
plii, copepodids and adult females of O. plumifera. The

copepods were fed flagellates, dinoflagellates and cili-
ates at environmental concentrations. These rearing
experiments were conducted at 20°C under a 12:12 h
light:dark cycle on a plankton wheel rotating at
~0.3 rpm.

Video observations. The empirical study included
observing and tape recording interactions between
adult females of Oithona plumifera (as predators) and
ciliates of the genus Strobilidium (as prey) at in situ
prey concentrations (i.e. 5 to 15 ciliates ml™!). The pre-
dator—prey interactions, contained inside a cuvette
(1 to 3 1), were videotaped on S-VHS at 60 frames s
for 1 to 2 h. The tape recording was conducted in the
dark using an infrared laser as illumination source.
The optical setup for the recording was 2D, with a sin-
gle camera and a spatial resolution of ~15 pm.

Video image analysis. Although hundreds of Oitho-
na-ciliate encounter events were recorded in the pre-
sent study, we analyzed only those events in which
both the Oithona plumifera body region for sensing
and the prey swimming track were on the focal plane
during the whole encounter period. The videotapes
were first evaluated on a TV monitor to sort out 26 in-
focus encounter events that were then digitized into
sequences of video images at 720 x 480 pixels with
8 bits of pixel depth using image-grabbing software
(Adobe Premiere Pro v1.5). The only criterion for
selecting the 26 events was their good focus during the
whole encounter period. The video images were ana-
lyzed frame by frame using Adobe Illustrator v8.0 by
reading pixel numbers manually. Because O. plumi-
fera maintained its body posture and was virtually
motionless before it attacked a ciliate, we were able to
draw a constant body profile for the copepod (or, more
precisely, for the identified copepod sensory region
with which the ciliate was interacting). Relative to this
constant profile which was used as a frame of refer-
ence, we then obtained the swimming trajectory of the
ciliate as a time series of its instantaneous centroid
positions. From this time series, we further calculated
the swimming velocity (i.e. speed and direction) his-
tory of the ciliate. The location and surface shape
profile of the sensory region of the copepod was also
determined by reading pixel numbers manually. By
analyzing and contrasting the 2 image frames right
before and after an attack, a few behavioral charac-
teristics, including O. plumifera attack distance, attack
speed and attack angle, were determined (Fig. 1,
Table 1).

Computational fluid dynamics (CFD) modeling of
the flow generated by a swimming ciliate. To quantify
the spatio-temporal hydrodynamic signals created by a
ciliate swimming near an Oithona plumifera female,
we needed to ‘paint’ the ciliate-created hydrodynamic
disturbances onto the observed trajectory of the ciliate.
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Fig. 1. Oithona plumifera. Behavioral characteristics of an attack made by a female
on a swimming Strobilidium ciliate. Behavioral characteristics are defined in Table 1

Table 1. Oithona plumifera. Definitions of behavioral charac-
teristics of adult females preying on swimming ciliates Strobi-

lidium spp.
Characteristic Definition
Uqiate  Ciliate swimming speed just before attack

dye Distance between the copepod's rostrum and the
ciliate's position just before an attack (Fig. 1)

O, rc Angle formed between the copepod's body axis
and the line drawn from the copepod's rostrum to
the ciliate's position just before an attack (Fig. 1)

R Shortest distance between the ciliate and the
copepod just before an attack, i.e. the reaction
distance

Uattack Maximum speed the copepod'’s rostrum traveled
during an attack

[o Distance between the copepod's rostrum posi-
tions before and after an attack (Fig. 1)

Opp, Angle formed between the copepod’s body axis
before and after an attack (Fig. 1)

Before doing so, we investigated the properties of the
flow field associated with a self-propelling ciliate using
a CFD model.

When swimming at a constant velocity, a neutrally
buoyant ciliate receives no net force from the sur-
rounding water. According to the multipole expansion
theory for Stokes flow surrounding an immersed
particle, the far disturbance flow for such a force-free,
self-propelling ‘particle’ decays at least as 1/r?

¥ body aX|s

(cf. Pozrikidis 1992, p. 46). To model
the flow disturbances created by a

/ force-free, self-propelling zooplank-

/

ter, Visser (2001) proposed a stresslet
model that decays exactly as 1/r? in
the far field. However, the stresslet
strength of Visser's model was con-
fined to a specific form, i.e. the 2
opposing point forces are of the same
magnitude of 6npaU, applied along
the same line aligned with the swim-
ming direction, and separated by a
distance of 2a (where [ is the dynamic
viscosity of the fluid, a is the effective
radius of the zooplankter, and Uis the
swimming velocity). The product of
the force magnitude and the separa-
tion distance (i.e. 6mualU X 2a =
12nua’vU), defined as the stresslet
strength, determines the bulk level of
velocity magnitudes in the stresslet
flow field. In contrast, Svensen & Kigr-
boe (2000) used a similar stresslet
model but with a stresslet strength
that is 2r (~6.28x) stronger than that of Visser's. Differ-
ent choices of the stresslet strength certainly led to dif-
ferent levels of velocity magnitudes in the stresslet
flow fields (i.e. the hydrodynamic signal fields). We
suggest that the stresslet strength may be adjusted
using information on how the microorganism propels
itself, especially its distribution of propulsive forces
over the surrounding water. We later use data from our
CFD modeling of the flow surrounding a steadily
swimming ciliate to calibrate the stresslet strength.
The present CFD modeling was based on the trac-
tion-layer model for ciliary propulsion (Keller et al.
1975, Wu 1976, 1977). The basic modeling concept was
to replace the discrete forcing associated with ciliary
movement, with an equivalent continuum distribution
of body force within the ciliary layer. The original
traction-layer model was for an infinite, flat layer of
distributed body force with planar beating patterns by
the cilia, which allowed an analytical treatment. How-
ever, an analytical treatment is, in general, impossible
for finite, 3D body morphology and for more realistic
ciliary beating patterns, although one can implement
the traction-layer model into CFD numerical simula-
tions. As a first step, we chose to simulate a simplified
situation of the flow disturbances created by a spheri-
cal model ciliate of cell radius a, covered with a ciliary
layer of thickness I, swimming at a constant velocity U,
along a straight line (which was taken as the axisym-
metric axis). As the flow is axisymmetric, only a merid-
ian plane was taken as the computational domain and
a symmetry condition was specified on the axisym-
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metric axis (Fig. 2f). The span of the domain was
(=1004, 1004) in the axial x direction, and (0, 100a) in
the radial r direction, with the center of the spherical
ciliate as the origin of the coordinate system. A cylin-
drical polar coordinate system was used, with r being
the radial distance from the x-axis. Because of axisym-
metry, the flow pattern is independent of the azimuthal
coordinate ¢, and is identical in all planes containing
the x-axis. The computational domain was discretized
into 750 quadrilateral control volumes (CVs) immedi-
ately adjacent to the cell surface and into 161 072 trian-
gular CVs that were stretched radially outward from
the outer boundary of the quadrilateral CVs. On the
quadrilateral CVs, a steady distribution of body force
F(x,r) was applied to model the forcing due to ciliary
beating, with the axial component, Fi(x,r), and the
radial component F,(x,r), specified as:

. r
F (x,r) = fsm(nn)ﬁ (1)
F.(x,r) = —fsin(mn)——— 2

where H=M , @, xand r are as defined above,
and f is a constant forcing density in N m™3. Such a
specification of the forcing follows the analytical solu-
tion of Wu (1977) for an infinite, plane ciliary layer.
Wu's solution provides the optimum distribution of the
average ciliary continuum force under the condition of
minimum power required for fixed mean square force.

Using the above-described CFD model, we consid-
ered 5 ciliary forcing schemes: (1) the whole ciliate
surface is covered by cilia (Fig. 2a); (2) a single cilium
(flagellum) modeled by a point force F trails the cell
body (Fig. 2b); (3) the posterior surface of the ciliate
body is covered by cilia, with F(x,r) being non-zero
only in the polar angle range from 0 to 36° (Fig. 2c);
(4) the equatorial surface of the ciliate is covered by
cilia, with F(x,r) being non-zero only in the polar angle
range from 72 to 108° (Fig. 2d); and (5) the anterior sur-
face of the ciliate is covered by cilia, with F(x,r) being
non-zero only in the polar angle range from 144 to 180°
(Fig. 2e). Although seemingly abstract, these 5 forcing
schemes are all probable in the real world [see text
books by Fenchel (1987) and Hausmann et al. (2003)].
The 5th ciliary forcing scheme (Fig. 2e) was considered
similar to that employed by ciliates of the genus Strobi-
lidium (Montagnes & Taylor 1994).

An inlet velocity boundary condition established by
specifying a rightward velocity of magnitude Uwas im-
posed on the left outer boundary of the computational
domain, which modeled the leftward swimming veloc-
ity of magnitude U of the ciliate under a transformation
between 2 frames of reference. A no-slip boundary con-

dition was specified at the cell surface. The flow sur-
rounding the spherical ciliate was obtained by solving
the Navier-Stokes equations numerically under the
above-described forcing and boundary conditions us-
ing a commercially available, finite-volume code, FLU-
ENT (v6.2.16). We achieved favorable comparisons be-
tween FLUENT results and several Stokes flow
analytical solutions as we did in Jiang et al. (1999). The
drag D acting on the cell surface was then obtained by
determining the axial component of the integral of
pressure and shear stress over the cell surface. The
thrust T was equal to the axial component of the vol-
ume integral of F(x,r). For a given U, the forcing density
f was determined by equating D and T (i.e. to reach a
steady, self-propelling state). This was achieved by trial
and error iteration, and ~20 iterations were needed to
attain D = T'to at least 7 significant digits.

Calculating the hydrodynamic signal field. As
described before, the stresslet model consists of 2 point
forces (2 stokeslets) that are of the same intensity (i.e.
6nual) but opposite directions—one being applied
along, and the other against, the instantaneous swim-
ming direction of the ciliate. The application points of
the 2 point forces are separated by a given distance,
with its middle point coincident with the instantaneous
center of the ciliate. The separation distance was first
calibrated by comparing the stresslet flow field with
the flow field obtained from CFD, such that the 2 flow
fields had approximately the same level of flow veloc-
ity within the Oithona reaction range (~10 to 30a from
the center of the ciliate based on our observations).
The stresslet model with a calibrated separation dis-
tance was then used to calculate the hydrodynamic
signal field (i.e. the flow disturbance field). The calcu-
lation procedure is as follows: by assuming quasi-
steadiness, we substituted U with U(t), the measured
time history of swimming velocity magnitude of the
ciliate, and calculated flow disturbance as a time-
dependent field. The stresslet flow field (equivalent to
a linear combination of 2 stokeslet flow fields) was
required to satisfy the no-slip boundary condition
imposed at the surface of a specified sensory region of
the Oithona plumifera female (e.g. the Al front por-
tion, the A1 tip, or the mouthparts). By approximating
the A1 front portion to be an infinite plane wall and the
A1 tip or the mouthparts to be a small sphere of suit-
able size, we were able to make use of 2 Green's func-
tions (which vanish at the solid boundaries) to achieve
an analytical treatment of the flow disturbance field.
The 2 Green's functions are: (1) for flow bounded by an
infinite plane wall (cf. Pozrikidis 1992, p. 84-86); and
(2) for an infinite flow bounded internally by a solid
sphere (cf. Pozrikidis 1992, p. 87-88). The rest of the
solution procedure was similar to that in Jiang &
Paffenhofer (2004).
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Fig. 2. Axisymmetric computational fluid dynamics (CFD) model for simulating the flow disturbances created by a spherical

model ciliate of cell radius a, and covered with a ciliary layer of thickness ], swimming leftward at a constant speed U (i.e. the

swimming velocity vector U). x and rrefer to the axial and radial directions, respectively. Five ciliary forcing schemes are con-

sidered (see ‘Materials and methods'). In (a) to (e), the meshes in green color immediately surrounding the body mark the ciliary

layer on which a distributed body force field F is applied to model the thrust exerted by ciliary beating. The 5 cilia/flagellum
forcing schemes share the same grid as shown in (f)
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RESULTS
Description of encounter events

In 24 of the 26 chosen events (Table 2), the female
Oithona plumifera adopted a horizontal to upside-
down position before attacking (Fig. 3). The copepod
assumed a posture with its anterior pointing upward in
only 2 events (not shown). On the prey side, the ciliates
swam along a rather straight line in 17 events (e.g. Fig.
3a-d,qg,i; Ciliate B in Fig. 3j; Ciliate in Fig. 3k), circled
or spiraled in 5 events (e.g. Fig. 3e,f,h; Ciliate A in Fig.
3j), and zigzagged in 4 events (not shown).

Oithona plumifera females possessed a 3D attack
volume, i.e. they were able to perceive and capture
swimming ciliates from all around their bodies or
from almost any angle. The prey swam from the outer
perimeter into O. plumifera's sensory regions in
18 events (e.g. Fig. 3a-d.f,g,il; Ciliate B in Fig. 3j; Cil-
iate in Fig. 3k), whereas they initiated their swimming
motion at places very close to O. plumifera's sensory
region in other events (e.g. Fig. 3e/h; Ciliate A in
Fig. 3j; Copepod nauplius in Fig. 3k). We also observed
that O. plumifera encountered 2 motile prey nearly
simultaneously in 3 events. In 1 event (Fig. 3j), the
copepod attacked the ciliate swimming along a
straight trajectory but ignored the one swimming
along a spiraling trajectory. In the other 2 events
(Fig. 3k,]), the copepods ignored the prey located near
the caudal rami region but attacked the one in front of
the Al. In the latter 2 events, the 2 ignored prey must
have been detected by the copepods as they bumped
into the copepods’' bodies. However, when a ciliate
bumped into the copepod’s caudal rami and no other
prey was present, the copepod quickly turned around
and captured the ciliate (Fig. 3i).

Measured behavioral characteristics

Wide variances were found in all measured behav-
ioral characteristics (Table 3). Specifically, in events
where Oithona plumifera Als were the sensory region,
reaction distances ranged from 0 to 0.71 mm with a
mean of 0.38 + 0.20 mm (SD) (Table 4). Even larger
standard deviations were obtained for events where O.
plumifera mouthparts or prosomes were the sensory
region, and for events where higher ciliate concentra-
tions were offered (Table 4).

Post-attack body postures and positions of Oithona
plumifera were usually different from pre-attack ones
(Fig. 1). Measured O. plumifera attack kinematics,
including attack distance and attack angle, show good
correlations with the parameters measured to describe
the pre-attack location of the prey (Fig. 4a,b). This cor-

respondence indicates that attack by O. plumifera is an
oriented response similar to that found by Doall et al.
(2002) for Euchaeta rimana attacking smaller copepod
species. Thus, O. plumifera is capable of locating prey
accurately and of correspondingly adjusting its attack
direction and distance. In terms of O. plumifera body
rotation during an attack, our observations show 2
extreme situations along with many intermediate situ-
ations: (1) the ciliate swam along a path directly aimed
at the copepod’'s mouthparts (Fig. 3g), with the cope-
pod responding by not initiating attack until the ciliate
virtually arrived at its mouthparts, and resulting in
almost no body rotation being involved; and (2) the cil-
iate bumped into the copepod'’s caudal rami, with the
copepod responding by immediately rotating its body
by almost 180° in order to capture the prey (Fig. 3i).
Larger body rotations required more effort from the
copepods, resulting in copepods experiencing more
difficulty in capturing prey. Data also show higher fre-
quency of small attack angles than short attack dis-
tances (Fig. 4c,d). This suggests that O. plumifera
prefers small body rotations, presumably to reduce
capture difficulty.

CFD modeling of the flow generated by a swimming
ciliate

The cell diameters of Strobilidium spp. were 35 to 60
and 20 to 30 pm with and without cilia. Therefore, we
chose a = 15.0 pm, and 1=13.8 pm as the parameter set
for ciliate size. Their swimming speeds were <10 mm
s™! (Table 2). Based on these values, the Reynolds num-
ber should be <0.23, defined as:

o= pU2a
u

where U is the swimming speed, p is the dynamic vis-
cosity (= 1.390 x 1073 kg m™! s7!), and p is the density
(= 1.027 x 10% kg m™3) of seawater at 10°C, a salinity of
35, and 1 normal atmosphere. Thus, inertia is not as
important as viscous effects, and one can present all
flow velocity results as normalized by U.

CFD modeling shows that the near- and far-field flow
patterns and the spatial decay of the hydrodynamic
disturbances created by a swimming ciliate are all sen-
sitive to the way the ciliate propels itself, and espe-
cially to its distribution of propulsive forces over the
surrounding water, i.e. they vary for different ciliary
forcing schemes (Figs. 5 to 7). In cases where the whole
ciliate surface is covered by cilia (Fig. 2a) or where the
equatorial surface is covered by cilia (Fig. 2d), the flow
patterns are not dipole-like at all (Figs. 5a,d & 6a,d)
and therefore differ from that of the stresslet model
(Fig. 6f). In terms of spatial decay, the flow attenuates

R 3)
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Table 2. Oithona plumifera. Information on the encounter events between adult females and swimming ciliates Strobilidium spp.

Event # Description of encounter events Ciliate Female— Ciliate
swimming ciliate capture
velocity encounter  success
(mm s7!) time (s)
1 Ciliate swam rather unidirectionally and constantly along a trajectory 3.9-54 0.37 Yes
(Fig. 3a) parallel to female's A1.
2 Ciliate swam slowly away from female's A1l. 0.3-1.6 0.53 Yes
3 Ciliate accelerated from 0 velocity and swam in a looped trajectory 0.0-7.5 0.20 Yes
along female's Al.
4 Ciliate swam rather unidirectionally and constantly along female's 6.1-9.1 0.67 Yes
Al (or A1l tip).
5 Ciliate swam rather unidirectionally, constantly and perpendicularly 5.3-9.9 0.73 Yes
(Fig. 3b) towards female's A1 back portion.
6 Ciliate swam towards female's A1 front portion. 4.5-4.9 0.23 Yes
7 Ciliate accelerated from 0 velocity, swam rather unidirectionally and 0.0-4.8 0.47 Yes
(Fig. 3c) constantly towards, and finally bumped into, female's A1 tip.
8 Ciliate swam rather unidirectionally and constantly towards the region 54-7.2 0.37 Yes
anterior to female.
9 Ciliate accelerated from 0 velocity and swam towards the region anterior Ciliate: Ciliate: Ciliate:
(Fig. 3k) to female. Simultaneously, a copepod nauplius jumped intermittently 0.0-9.6 0.27 Yes
(0-11.9 mm s~!) along a looped trajectory near female's egg sac region Nauplius:  Nauplius: Nauplius:
and contacted female's body, but was not attacked. 0-11.9 0.27 No
10 Ciliate swam rather unidirectionally and constantly passing by female's 3.6-5.1 0.40 No
(Fig. 3d) A1l tip.
11 Ciliate accelerated from 0 velocity and swam passing by female's A1 tip. 0.0-6.8 0.30 No
12 Ciliate circled nearby female's A1 tip at ~0.18 s cycle™! for a few seconds. 1.7-4.4 5.97 Yes
(Fig. 3e)
13 Ciliate accelerated from 0 velocity and circled intermittently nearby 0.0-3.6 0.67 Yes
female's A1l tip.
14 Ciliate swam in an irregular helical trajectory upward towards the region 0.4-3.9 7.43 Yes
(Fig. 3f) anterior to female for ~7.5 s.
15 Ciliate A swam in an irregular helical trajectory from female's Al tip region Ciliate A: Ciliate A: Ciliate A:
(Fig. 3j) toits dorsal region for ~6 s, but was apparently ignored by female. 0.26-4.1 >5.97 No
Ciliate B swam unidirectionally and rather constantly from female's dorsal to Ciliate B: Ciliate B:  Ciliate B:
its anterior region, passed by female's A1l tip, and was captured immediately. 1.3-4.9 1.44 Yes
16 Ciliate swam along a curved trajectory towards the lateral-dorsal side of 4.2-59 0.80 Yes
female and was captured just before bumping into female.
17 Ciliate swam rather unidirectionally and constantly towards female's 1.9-3.1 0.43 Yes
lateral region.
18 Ciliate swam quickly and rather unidirectionally and passed by female's 7.5-9.3 0.30 No
mouthparts.
19 Ciliate swam rather unidirectionally and constantly towards female's 3.5-5.2 0.67 Yes
mouthparts.
20 Ciliate accelerated from 0 velocity and swam towards female's mouthparts. 0.0-5.9 0.27 Yes
(Fig. 39)
21 Ciliate accelerated from 0 velocity and quickly passed by female's A1 tip. 0.0-5.1 0.13 Yes
22 Ciliate accelerated from 0 velocity, swam perpendicularly towards female's 0.0-4.2 0.47 Yes
A1 front portion, soon turned downward and zigzagged ventrally to
female's mouthparts.
23 Ciliate circled nearby female's eggsac region at ~0.17 s cycle™! for a few 1.3-3.1 >1.53 No
(Fig. 3h) seconds.
24 Ciliate accelerated from 0 velocity at female's dorsal side and quickly swam  0.0-9.2 0.27 No
from female’s urosome to its anterior region.
25 Ciliate swam quickly and rather unidirectionally and bumped into female's 4.6-9.4 0.23 Yes
(Fig. 3i) urosome.
26 In this event, the prey items were 2 copepod nauplii: Nauplius A jumped Nauplius A: Nauplius A: Nauplius A:
(Fig. 31) intermittently and bumped into one branch of female's caudal rami, but 5.9-7.6 0.77 No
was apparently ignored; ~0.3 s later, Nauplius B swam along a curved Nauplius B: Nauplius B: Nauplius B:
trajectory towards female's A1l tip and was immediately captured 0.6-8.6 0.50 Yes
by female.
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Fig. 3. Oithona plumifera. Samples (n = 12) of observed encounters between females and swimming ciliates Strobilidium spp.
[lustrations were constructed by overlapping a series of video sequences relative to a similar frame of reference fixed on the
female. Small green circles connected by a solid green line represent the instantaneous positions and trajectory of the swim-
ming ciliate, with the positions marked every 1/30 s (except for (e) in which the positions were marked every 1/60 s). Red
arrowed lines indicate the general swimming direction of the ciliate; short dashed lines represent the reaction distance; x is

z (mm)
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Table 3. Oithona plumifera. Measured behavioral characteristics of adult females preying on swimming ciliates Strobilidium spp.
(characteristics are defined in Fig. 1 & Table 1)

Event # Uciliate (mm 5_1) drc (mm) eb,rc (o) R (IIIIII) Uattack (mm S_l) drr (mm) ebb (o)
1 (Fig. 3a) 4.89 0.75 27.81 0.70 58.31 0.97 15.91
2 0.47 0.28 2417 0.30 19.60 0.33 15.75
3 6.32 0.71 25.72 0.33 58.69 0.98 27.46
4 7.25 0.86 46.09 0.35 80.83 1.58 15.23
5 (Fig. 3b) 5.82 0.74 129.03 0.35 29.17 0.49 121.84
6 4.91 0.50 45.02 0.32 50.37 0.84 27.05
7 (Fig. 3¢) 3.46 0.85 80.04 0.00 43.35 0.86 3.01
8 6.33 0.34 NA® 0.21 13.16 0.22 NA®
9 (Fig. 3k) 8.28 0.36 48.51 0.24 43.21 0.72 84.76
10 (Fig. 3d) 4.60 1.57 79.92 0.58 87.50 1.75 56.89
11 2.74 1.81 92.30 0.71 100.91 1.68 112.94
12 (Fig. 3e) 1.68 1.68 74.11 0.57 126.56 2.11 86.79
13 0.58 1.34 132.46 0.18 70.34 1.17 126.04
14 (Fig. 3f) 1.00 0.64 64.11 0.34 45.37 0.76 82.01
15 (Fig. 3j) 1.32 1.19 50.07 0.56 87.41 1.42 9.43
16 4.45 0.37 138.46 0.07 42.93 0.72 96.52
17 3.12 0.49 153.84 0.18 53.65 0.89 96.17
18 7.53 1.24 137.25 0.63 59.68 0.99 123.38
19 4.82 0.00 0.00 0.00 0.00 0.00 0.00
20 (Fig. 3g) 3.89 0.00 0.00 0.00 0.00 0.00 0.00
21 5.07 1.08 63.94 0.51 82.38 1.37 35.10
22 2.67 0.54 125.79 0.26 19.85 0.33 85.78
23 (Fig. 3h) 2.54 0.81 152.37 0.26 48.02 0.80 85.39
24 9.19 0.19 NA® 0.05 5.20 0.11 NA®
25 (Fig. 3i) 9.32 1.13 180.00 0.00 95.92 1.51 175.20
26 (Fig. 31)° 1.73 1.43 92.36 0.75 100.49 1.67 130.61
Mean + SD 4.38 £2.59 0.80 + 0.51 81.81+£51.61 0.33+0.24 54.73 + 33.94 0.93 + 0.58 67.22 + 50.85
“Angle data for Events #8 and #24 are not available (NA) because the copepod executed a 3D body rotation in these 2 events,
while the body rotation occurred approximately on the focus plane in all the other events

"In Event #26, the prey was a copepod nauplius

Table 4. Oithona plumifera. Mean (+SD) reaction distances (R) calculated respectively for 3 subgroups of the 25 analyzed en-
counters between adult females and the ciliates Strobilidium spp.

and undetermined for Events #22 and 23

Subgroup R (mm)
Events #1 to 15

A1 was the sensory region, and the ciliate concentration was 3.4 ciliates ml?! 0.38 £ 0.20
Events #16 to 19

Mouthparts or prosome were the sensory region, and the ciliate concentration was 3.4 ciliates ml™ 0.22 +0.28
Events #20 to 25

Ciliate concentration was 21 ciliates ml~! for Events #20, 21 and 25; 18.4 ciliates ml~! for Event #24; 0.18 £ 0.20

approximately at 1/r> lateral to the ciliate and slightly
slower than 1/r® but much faster than 1/r? in front of
the ciliate (Fig. 7a,d). In cases where either a single fla-
gellum trails the body (Fig. 2b), the posterior surface of
the ciliate body is covered by cilia (Fig. 2c), or the ante-
rior surface of the ciliate is covered by cilia (Fig. 2e),
the flow is dipole-like (Figs. 5b,c,e & 6b,c,e), but
decays faster than 1/r? (Fig. 7b,c,e). A distinct property
of the latter 3 cases is the much greater flow velocities

at the region where the ciliary forcing is located than
the swimming velocity of the ciliate. This property is
absent in the 2 former cases. More interestingly, ante-
rior ciliary forcing differs from the other 4 cases in that
the flow direction, a short distance away and in front of
the ciliate, is opposite to its swimming direction (Fig.
5e). This flow could be regarded as a feeding current
as it may displace food particles towards the ciliate.
Thus, the details of ciliary forcing do matter.
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Modeling of representative hydrodynamic signal
fields

Despite the above discrepancies, we may still use the
CFD results to calibrate the stresslet strength to come
up with a calibrated stresslet model for approximating
the flow created by a model Strobilidium ciliate (Figs.
5e & 6e). The far-field flow decay rate does not really
matter. What matters is the bulk level of the flow dis-
turbance within the detection range (~10 to 30a from
the center of the ciliate based on our observations).
Results of the CFD modeling and of the stresslet model
are quite similar in terms of the flow pattern in front of,
and behind, the swimming cell. As a result, we chose a
stresslet strength of 12mua?U (= 6muaU x 2a), and
obtained a stresslet flow field which is similar to that in
the CFD model in terms of both the bulk level of flow
disturbance and the flow pattern in front of and behind
the swimming ciliate (Fig. 6g vs. Fig. 6e). Additionally,
to consider the feeding current type of flow shown in
Fig. 5e, the 2 point forces in the stresslet model were
applied such that they were directed towards each
other. We used this calibrated stresslet model to quan-
tify the spatio-temporal hydrodynamic signals created

by a ciliate swimming near an Oithona plumifera
female, i.e. we 'painted’ the stresslet flow disturbances
onto the observed trajectory of the ciliate. If we chose a
stresslet strength of 0.6npaU (= 6muaU x 0.1a) instead,
we would end up with a much weaker stresslet flow
field (Fig. 6f vs. Fig. 6g), which, nevertheless, has the
same bulk level of flow velocities as those shown in
Fig. 6a,d.

We present several representative hydrodynamic
signal fields out of the 26 analyzed encounter events.
Each signal field is shown as velocity vector plots at
3 time instants throughout the encounter period
(Fig. 8). The modeled flow disturbance field is 3D;
however, the results are shown on the focal plane
where both the swimming trajectory of the ciliate and
the profile of the sensory region of the copepod were
approximately located. The 1st spatio-temporal pat-
tern of the signal field consisted of a nearly constant
flow structure sweeping over the copepod's sensory
region(s), such as the one shown in Fig. 8a, in which
the ciliate swam nearly steadily parallel to the front
portion of the copepod's Al (Event #1, Fig. 3a). Assum-
ing that the 3 hypothetical Al setae (also shown in
Fig. 8a) exactly followed the fluid motion, the setal tips
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Fig. 5. Near-field flow distributions corresponding to the 5 ciliary forcing schemes presented in the same order as (a) to (e) in

Fig. 2. A stationary frame of reference is used so that velocity at the cell surface is U (i.e. the swimming velocity vector). Plotted in

the meridian plane above the axisymmetric axis are contours of flow velocity magnitudes: black contour lines indicate flow velo-

city magnitudes equal to the ciliate swimming speed U, blue contours show flow velocity magnitudes <U (minimum = 0.1U, with

increment = 0.1U), and red contours indicate flow velocity magnitudes >U (minimum = 1.5U, with increment = 0.25U). Plotted in

the meridian plane below the axisymmetric axis are equal-length flow velocity vectors showing flow directions, plotting only
vectors with magnitudes >0.1U

should have initially been bent rightwards and then
turned back one by one as the ciliate passed by them
one by one. Such a simple motion pattern of the setae
should have been easily recognizable. The 2nd pattern
was highly unsteady as the ciliate performed circling
motions near a sensory region (Event #12, Fig. 3e;
Event #14, Fig. 3f; Ciliate A in Event #15, Fig. 3j).
Because of the highly oscillatory flow surrounding the

sensory region (Fig. 8b), the A1l tip setae (also shown in
Fig. 8b) should have undergone an oscillatory motion,
and the copepod might have experienced difficulty in
recognizing this setal motion pattern. The copepods
were unable to locate the ciliates quickly and accu-
rately, delaying, often by a few seconds, initiation of
the attack (e.g. Events #12, #14 and #15). The 3rd pat-
tern, wherein the swimming path of the ciliate brought
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Fig. 6. Far-field flow distributions corresponding to the 5 ciliary forcing schemes presented in the same order as (a) to (e) in Fig. 2.
Plotted in an axial plane are contours of flow velocity magnitudes. A stationary frame of reference is used so that velocity at the
cell surface is U (i.e. the swimming velocity vector). Also shown are contour plots of flow velocity magnitudes associated with the
stresslet model for a force-free, self-propelled, swimming microorganism. The stresslet model consists of 2 opposing point forces
of equal magnitudes (= 6muaU, the Stokes drag). The separation distance between the 2 point forces is: (f) 0.1a, and (g) 2a, where

a is the effective radius of the microorganism, the swimming speed U =

it steadily closer to the copepod's sensory region (e.g.
Fig. 3b-d,g,i; Ciliate in Fig. 3k), was the most common.
As a result, the hydrodynamic signal steadily became
stronger before the attack occurred (Fig. 8c). Most
likely, the copepods were able to anticipate where the
prey would end up and reacted adaptively. When the
ciliate swam directly into the copepod's mouthparts
(Fig. 3g) or anterior region (Fig. 3k), the copepod
waited until the last moment before attacking (i.e. long
after the so-called threshold signal strength was
reached). When the ciliate swam towards one side of
the copepod's body (e.g. Fig. 3b, and a few other
events not shown), the copepod did not wait but
attacked when the ciliate was still a short distance

IUl, and p is the dynamic viscosity of the fluid

away. Such contrasting reactions could be due to
attempts at effort reduction in capturing the prey. In
the latter events, the copepods would have to rotate
their bodies and hence spend more effort if the ciliates
would bump into their body parts. Additionally, the
copepods might not be able to locate the ciliates as
easily as they did when the ciliates were near the Al
with their numerous setae. These encounter events
support the notion that copepods pick the most oppor-
tune position possible for capturing prey. The last sig-
nal pattern had the peak signal location passing by or
moving away from the copepod’s sensory region (not
shown). This result may be due to the ciliate's acceler-
ation from zero velocity, reaching the peak velocity at
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Fig. 7. Spatial decay of flow disturbances corresponding to the 5 ciliary forcing schemes presented in the same order as (a) to (e)

in Fig. 2. A stationary frame of reference is used so that velocity at the cell surface is U (i.e. the swimming velocity vector). The

flow velocity magnitudes V.4, normalized by the ciliate swimming speed U, are plotted against distance rrelative to the cell cen-

ter, normalized by the cell radius a. Spatial decays are plotted along 3 directions as indicated by the insert in each panel. Also
plotted are decay rates of 1/r? and 1/r?

a later part of its swimming path. Although these 4
spatio-temporal signal patterns can generally be seen,
the signal patterns for individual encounter events can
vary substantially, depending on the specific encoun-
ter scenarios involved.

For each of the encounter events, one may also esti-
mate signal strength (in terms of flow velocity at the
moment just before the attack). Estimated signal
strengths differed by orders of magnitude. Fig. 8a
probably shows the weakest hydrodynamic signals
(i.e. the tip-to-base flow velocity difference over a setal
length of 350 pm was 12 um s™', equivalent to a shear
rate over the setal length of 0.034 s™!) to which Oithona
plumifera responded by displaying a capture move-
ment. However, the copepods did not display a capture
movement even though signal strengths had reached
much higher levels in other events that we had ana-
lyzed. Most likely, the copepod detected the ciliate
long before attacking it. Another interesting feature in
many of the encounter events was the occurrence of
one or several flow reversals in individual setae of the
responsible sensory region as the ciliate approached or
passed by (Fig. 8).

DISCUSSION

In the present study, wide variance was found in the
measured reaction distances (0.38 + 0.20 mm [mean +
SD] using Al as the sensory region) of Oithona
plumifera females in response to swimming ciliates of
the genus Strobilidium. Svensen & Kigrboe (2000) also
found mean reaction distances of 0.14 + 0.07 mm (+SD)
for O. similis using Al to detect the dinoflagellate
Gymnodinium dominans. They used the mean of the
measured reaction distances for an encounter-rate
model (e.g. Svensen & Kiorboe 2000, Visser 2001),
which implied that the predator displayed behavioral
responses to the prey at the approximate time when a
threshold signal strength was exceeded.

However, the purpose of this study was not to con-
struct an encounter-rate model but to explain the wide
variance in our measured reaction distances. Our
modeled spatio-temporal hydrodynamic signal fields
(Fig. 8), which were based on empirical data inputs,
show that when a prey swims near a predator, the
prey-created flow disturbance field possesses a certain
spatio-temporal pattern potentially perceivable by the
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Fig. 8. Model results of the spatially/temporally varied hydrodynamic signal field created by the swimming ciliate in (a) encounter
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predator. Such a pattern is encounter-scenario depen-
dent and is determined by the prey's swimming behav-
ior (velocity and trajectory) relative to the predator's
sensory morphology (which imposes a boundary con-
dition to the prey-generated flow disturbance field).
The notion is that, by monitoring the spatio-temporal
pattern of the prey-generated flow disturbance field,
the predator can perceive the instantaneous velocity

and trajectory of the prey. This notion also implies that
the predator recognizes the presence of the prey when
the prey is nearby and creating a flow disturbance
above a minimum required signal strength. If the
predator is able to further figure out every step of the
prey motion and has the intention to attack, then it
should attack when the prey reaches the approximate
location where it can be most easily captured. Such a
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strategy enables the predator to adopt an optimal
attack angle, distance and speed for capturing the
prey. By doing so, high capture success can be
achieved with limited capture difficulty and effort. The
surrounding water may also be less disturbed to avoid
alerting the predator's own enemies. Responding at an
approximately constant reaction distance does not
seem to maximize the predator's capture success.

Results from the present empirical modeling study
support the above-described notion. The good correla-
tion between measured Oithona attack kinematics and
measured data of the pre-attack location of the prey
suggests that Oithona plumifera can locate the prey
accurately and adapt its attack direction and speed.

Data show that Oithona plumifera females preferred
small body rotations for attacking the ciliates. Small
body rotations may reduce capture difficulty experi-
enced and effort invested. To successfully capture a
ciliate, O. plumifera has to place its mouthparts at the
(exact) ciliate location it detects presumably at the time
just before it initiates the attack, as in the findings of
Svensen & Kigrboe (2000) on O. similis females. The
A1l front portion is the place where O. plumifera needs
only a nearly effortless hop to capture the ciliate. The
Al tip region, the region surrounding the mouthparts
and the 2 sides of the body pose medium difficulty as
they require O. plumifera to turn its body by a small
angle and jump towards the prey unless the prey
swims directly into the predator's mouthparts. O. plu-
mifera faces the highest difficulty when a ciliate is
located at an awkward place such that the copepod has
to rotate its body by ~90 to 180° and jump energetically
in order to grasp the ciliate. Sometimes, the copepod's
effortful jumping displaces the ciliate from its detected
location, leading to a failed capture attempt (e.g. Event
#23, Fig. 3h), although successful captures may also be
possible (e.g. Event #25, Fig. 3i). Thus, detecting prey
may only be the first step (and perhaps the easiest).
The next step is to perceive and project the swimming
trajectory of the prey over an extended interval. The
final step is to time the attack when the prey reaches
a location where it can be most easily captured. As
shown by the present observations, O. plumifera
quickly perceived ciliates that were moving in 1D (e.g.
Event #1, Fig. 3a). In contrast, ciliates swimming in 2D
or 3D (i.e. circles or spirals, e.g. Event #14, Fig. 3f) were
more difficult to perceive and locate, requiring the
copepod to delay decision making.

The hydrodynamic modeling has revealed that esti-
mated ciliate-created hydrodynamic signal strengths
just prior to attack were all above a minimum required
signal level but were substantially different from each
other. Combined with the wide variance in measured re-
action distances and the observation that Oithona
plumifera waited for ciliates to arrive at their mouthparts,

this result suggests that O. plumifera detected the exis-
tence of the ciliate long before attacking it. Thus, it can
be misleading to consider only the threshold signal
strength without assessing the spatio-temporal signal
patterns. O. plumifera females displayed strong adaptive
behaviors to perceived spatio-temporal patterns of
ciliate-created hydrodynamic signal fields.

As exemplified by 3 encounter events, Oithona
plumifera chose the prey that was easier to locate
when it encountered 2 motile prey simultaneously
(Fig. 3j), and also chose the prey that was easier to cap-
ture because less body rotation was involved in the
attack (Fig. 3k,1). In view of these observations, O. plu-
mifera females may be better characterized as salta-
tory foragers, as ‘prey choice is unlikely for cruise or
ambush searchers’ (O'Brien et al. 1990, p. 158). Also,
cruise or ambush searchers monitor the outer bound-
ary of the search space and strike a prey almost as soon
as it is perceived. In contrast, O. plumifera females first
scanned the entire search space while stationary,
attacked both prey arriving at the outer boundary and
those starting to move near their sensory regions, or
waited to attack prey until it reached the best location
possible for capture.

The CFD modeling shows that the flow pattern and
spatial decay of hydrodynamic disturbances created by
a neutrally buoyant, swimming protist are sensitive to
the way the protist propels itself, and especially to its dis-
tribution of propulsive forces over the surrounding wa-
ter. Flow patterns and spatial decay of hydrodynamic
disturbances by prey are thus species-specific. This
raises the possibility of the predator recognizing the flow
pattern and spatial decay and using this information to
distinguish among different prey species. A sinking di-
atom may create a stronger flow disturbance than a
swimming protist of the same size range (H. Jiang un-
publ. results). However, the two may differ in the signal
patterns that may be perceived by the predator.

The stresslet model decays more slowly with dis-
tance than the flow created by a neutrally buoyant,
swimming protist. However, it may still be adequate to
use the stresslet model for some species that create
dipole-like flow patterns, provided that stresslet
strength is calibrated. Some other species may create
non-dipole-like flow patterns. For dinoflagellates that
possess both a transversal and a longitudinal trailing
flagellum, the associated flow may be reproduced by
combining the equatorial forcing scheme (Fig. 2d) and
the trailing forcing scheme (Fig. 2b). Flow pattern and
spatial decay rate can vary greatly depending on the
relative contributions of the 2 flagella to thrust.

Oithona plumifera occurs abundantly not only on
outer shelves but also in the epipelagial of subtropical
and tropical open waters where ciliates are not found
as abundantly as in neritic regions. Thus, juveniles and
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females of O. plumifera have to depend mostly on
heterotrophic flagellates and dinoflagellates of 10 pm
equivalent spherical diameter (ESD) or smaller (e.g.
Paffenhofer et al. 2003) whose signal strength will most
likely be weaker than that of Strobilidium spp. This
study has revealed a minimum required hydrodynamic
signal level for O. plumifera females, i.e. a tip-to-base
flow velocity difference of 12 um s™' over a setal length
of 350 pm, which is equivalent to a shear of 0.034 s™*.
Such a low threshold for signal strength appears essen-
tial for O. plumifera to obtain sufficient food for growth
and survival in such a nutritionally dilute environment
as the warm open ocean (Conover 1968).
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