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Advertisement and concealment in the plankton:
what makes a copepod hydrodynamically conspicuous?
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Abstract. Euchaeta rimana, a pelagic marine copepod, roams a 3-dimensional environment
and its antennular setal sensors are oriented to detect water-borne signals in 3 dimensions.
When the copepod moves through water or moves water around itself, it creates a fluid dis-
turbance distinct from the ambient fluid motion. As it swims and hovers, the copepod’s laminar
feeding current takes the unstable nature of small-scale turbulence, organizes it, and makes the
local domain a familiar territory within which signals can be specified in time and space. The
streamlines betray both the 3-dimensional spatial location (x, y, z) as well as the time (1)
separating a signal caught in the feeding current and the copepod receptor-—giving the copepod
early warning of the approach of a prey, predator, or mate. The copepod reduces the complexity
of its environment by fixing information from a turbulent field into a simpler, more defined
laminar field.

We quantitatively analysed small-scale fluid deformations created by copepods to document
the strength of the signal. Physiological and behavioral tests confirm (a) that these disturbances
are relevant signals transmitting information between zooplankters and (b) that hydrodynami-
cally ¢ .aspicuous structures, such as feeding currents, wakes, and vibrations, elicit specific
responses from copepods. Since fluid mechanical signals do elicit responses, copepods shape
tlhexr fluid motion to advertise or to conceal their hydrodynamic presence. When swimming, a
copepod barely leaves a trace in the water; the animal generates its flow and advances into the
area from which the water is taken, covering up its tracks with the velocity gradient it creates
around itself. When escaping, it sheds conspicuous vortices. Prey caught in a flow field expose
their location by hopping. These escape hops shed jet-like wakes detected by copepod mech-
anoreceptors. Copepods recognize the wakes and respond adaptively.

Additional key words: crustacean, Reynolds number, signal. sensor, fluid flow

Many planktonic copepods selectively capture cer-
tain sizes of prey (see Yen 1985 for an example). Yet
motion of the prey can also influence selectivity (Yen
1982). In fact, Strickler & Twombly (1975) pointed
out that the expression *‘size-selective feeding” mis-
represents nature. Rather, “*Reynolds number selective
feeding” more accurately describes the signal per-
ceived by the predator. The Reynolds number, Re, de-
scribes not only the ratio of inertial forces to viscous
forces but also the kind of fluid disturbance a moving
body creates while swimming through the medium
(Batchelor 1967). Van Dyke (1981) provides beautiful
illustrations of how slight changes in Re produce
markedly different fluid signatures around a simple
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cylinder. As the Reynolds number increases, a remark-
able variety of patterns succeed one another: at Re =
0.16, symmetrical Stokes flow (fig. 6 of Van Dyke);
at Re = 9.6-41.0, symmetrical standing eddies (figs.
40-46); at Re = 300, a Kdrmdn vortex street (behind
the cylinder, with periodic shedding of vortices; first
photograph following the title page); and at Re = 2000
and 10,000, turbulent wake (figs. 47, 48).

These variations in flow patterns with changes in Re
form the basis of our analysis of zooplankters swim-
ming through water. Zooplankters come in different
sizes and shapes, and they swim at different speeds,
changing speeds to suit their activity. The effect of the
combination of size, shape, and speed on their fluid
signature is best expressed in the Re. The Re values
of zooplankters range from 0.1 to 1000. At these low
Re, small changes in Re can be amplified into large
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differences in hydrodynamic characteristics. If zoo-
plankters can recognize these differences, they may be
able to identify species. gender, age. activity, etc. of
the animal that swam through the area before them.
Our research addresses questions about these biologi-
cal-physical interactions.

To distinguish between important fluid signals of
mobile prey, predators, and mates, a copepod requires
a detection system with morphological precision and
acute physiological sensitivity. These crustaceans (1-
10 mm long) must perceive small-scale fluid signals
above a background of continuous fluid motion. Mech-
anoreceptive setae along the antennules enable the co-
pepod to detect fluid flow.! By bending setae, water
flow is transduced into a neural signal and detected by
the copepod (Yen et al. 1992). Transduction appears
to be facilitated by microtubular structures (Horridge
& Boulton 1967; Strickler & Bal 1973; Markl 1978;
Friedman 1980; Dourdeville 1981; French 1988,
Weatherby et al. 1994). Physiological evidence shows
that even submicrometer displacements of antennular
setae generate receptor potentials transmitted along the
antennule (Yen et al. 1992). A larger displacement
elicits a greater number of impulses with shorter la-
tencies, indicating possible coding for signal intensity
(Yen et al. 1992). The ability of setae to exhibit graded
responses to signals of different intensities (displace-
ments) can be a physiological mechanism for Re se-
lection of different sizes of prey.

As water is in constant motion, the setae on copepod
antennules are subject to fluid motions of varying di-
rections and speeds. However, the direction and speed
of flow can be restricted by the setal structure and
viscous forces. Setae follow flow in the distal direction
better than in the proximal direction because the asym-
metry in most setal sockets permits distal bends more
easily than proximal bends (Boxshall et al. 1997).
Flow speeds are strongly attenuated by the viscosity
of water. For physically-induced disturbances, viscos-
ity reduces the water motion to eddies similar in size
and speed to those created by moving copepods (Mann
& Lazier 1991; Osborn 1996). Further reduction of
flow speeds occurs when the fluid approaches the
boundary layer adjacent to a copepod. The elasticity
of the chitin that forms the seta attenuates the speed
of setal bends in response to fluid flow. Stiff or short
setae buried in the boundary layers will experience
smaller displacements than longer or more flexible or
feathered setae. Given the diversity noted in the struc-
ture of setae (Huys & Boxshall 1991), the copepod

! Although called by the diminutive *‘antennules,”” by ho-
mology with other crustaceans, the first antennae of co-
pepods are larger than the locomotory second antennae.
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sensory system appears capable of perceiving a range
of fluid speeds and directions.

To document perception of signals, we can record
the behavioral responses of copepods to biologically
relevant signals. The copepod has a repertoire of re-
sponses, including escape, capture, mate, pause and
sink, antennal flick and turns, fast and slow swimming.
One of the most obvious movements is the high-speed
escape in which the copepod darts quickly through the
water over a distance of many body lengths. Using
escape as an indicator of signal detection, many studies
have shown that copepods can detect fluid deformation
(Strickler 1977; Haury et al. 1980; Zaret 1980; Yen &
Fields 1992; Fields 1996; Wong 1996). Subtle re-
sponses indicate that copepods can detect the presence
of a predator (prey copepods slow their swimming:
Folt & Goldman 1981), the presence of unflavored
particles (particle-feeding copepods change their
swimming pattern: Buskey 1984), or the presence of
turbulence (copepods change activity patterns: Marrasé
et al. 1990; Hwang et al. 1994; copepods change the
allocation of time to each activity: Costello et al.
1990). Thus, a mechanoreceptive sensitivity of cope-
pods to fluid flow has been suggested morphologically
and demonstrated physiologically and behaviorally.

To extend our understanding of perception by zoo-
plankters, we need to identify and characterize the im-
portant signals that elicit specific responses and to de-
termine how an animal can perceive a signal above the
ambient levels of noise. These signals and background
levels must be analysed at the time and space scales
appropriate to the zooplankter sensors. This requires a
definition of fluid dynamics at low to intermediate Re,
a difficult realm to describe. Furthermore, in order to
evaluate the sensitivity of a zooplankter to certain
cues, these signals must be simulated to identify the
behavioral response elicited.

Fluid flow generated whenever zooplankters move
through water has a characteristic species-specific
structure, quantifiable by the Re of the fluid move-
ment, the direction of the velocity gradient created by
the animal movement, the frequency distribution, and
the intensity of energy dissipated in the fluid. Strickler
visualized (see Kerfoot et al. 1980) the fluid signature
or *“‘footprint” that different zooplankters shed. These
small-scale signals are transmitted through the medi-
um, carrying information about their propagator. Other
zooplankters respond to the water-borne signals by ag-
gregating, escaping, capturing, mating. What is the na-
ture of these signals? How are they created and trans-
mitted? To what signal strength and temporal/spatial
character do the zooplankters respond?

Here we describe the structure of some fluid distur-
bances generated and perceived by copepods. As was
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the purpose of this symposium, we show how video
techniques helped us understand invertebrate feeding
biodynamics. Color figures illustrate how optical tech-
niques coupled with videography revealed hydrody-
namically conspicuous signals generated by copepods
moving through seawater. These techniques allowed us
(a) to visualize the structural features of the small-scale
(<1 cm) fluid motion and (b) to quantify the kinematic
nature of the fluid disturbances, including the velocity
gradient, frequency, and duration. We discuss how the
fluid flows were analysed and confirmed as relevant
signals by assaying the behavioral and physiological
responses of copepods to these disturbances.

For most examples, we use the pelagic marine co-
pepod Euchaeta rimana BRADFORD 1974, a subtropical
carnivore that captures mobile prey. We present evi-
dence that E. rimana can generate and detect 3 distinct
fluid disturbances: feeding currents, oscillations, and
wakes. This copepod can detect water flow with me-
chanosensitive distal setae (Yen et al. 1992; Lenz &
Yen 1993), a paired 4-point array of proximal setae
(Yen & Nicoll 1990), and other setae on the anten-
nules. The array comprises two straight setae (on an-
tennular articles 3 and 13) that project anteriorly and
two curved setae between them (on articles 7 and 8)
that project above and belov' *he plane of the anten-
nule and then curve anteriorly. The setae are oriented
to detect three orthogonal components of fluid veloc-
ity. Euchaeta rimana and its congeners use these sen-
sors to detect and consume certain copepods and fish
larvae, showing a high degree of responsiveness to
variations in prey size, concentration, type, and move-
ment (Yen 1982, 1983, 1985, 1988, 1991). Congeners
select prey similar in size to the second basipodal ar-
ticle of its maxilliped, the food-catching appendage.
However, when offered prey of the preferred size, they
will capture more of the continuously swimming Pseu-
docalanus sp. than the intermittently swimming Acar-
tia clausii (Yen 1985). Also, they will eat only live,
mobile prey (Yen 1982). Feeding rates do not change
even when crushed prey juices are added to mask the
chemical signals, and feeding rates are higher in the
dark than in the light (Yen 1982). These results suggest
that hydrodynamic signals made by the prey are more
important than chemical or visual signals. The percep-
tive field in which the copepod detects its prey extends
up to 2 body lengths from the antennular Sensors.
Without prior contact, the predators lunge accurately,
overtaking and capturing the escaping prey (Doall
1995; Yen, unpubl. obs.). Detection of hydrodynamic
signals by the copepod is indicated by distinct behav-
ioral responses such as antennal flicks, captures, es-
capes, or variations in swimming patterns.

Euchaeta rimana and its congeners are lipid-rich
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biomass dominants in several aquatic habitats, impor-
tant in the marine food web and found often in the
diet of fishes. We present here a study of how this
species creates fluid signals that dissipate quickly
enough to avoid detection by prey or predators yet
remain distinct enough to allow mate recognition. An
understanding of signaling processes of this dominant
copepod may provide the framework to ask wheth--
other, less abundant species—confined in time to sea-
sonal peaks in abundance, or confined in space to low-
energy ‘quiet’ habitats (the deep sea) or high-energy
‘noisy’ regimes (coastal waters)—are so limited be-
cause of suboptimal sensor acuity or hydrodynamic
conspicuousness.

Methods

Velocity gradient of small-scale fluid flow. We
used fixed-frame, 3-dimensional videography, based
on the moveable frame design of Strickler (1985), to
track 20-pum particles entrained in fluid flow. Particles
were illuminated by He-Ne laser (630 nm), and par-
ticle tracks were recorded in the 60 fields/s S-VHS
video format. The x, y, z. t coordinates of the particles
permitted analyses of fluid velocity. Over 1000 particle
velocities were measured to reconstruct the structure
of the feeding current (for details, see Fields & Yen
1993).

Frequency of appendage movements. The speed
of the rapid movements of copepod limbs was esti-
mated from kinematic analyses of high-speed films
taken at 500 fps (Strickler 1977, 1984: Alcaraz &
Strickler 1988).

Visualization of copepod wakes. Visualization of
fluid disturbances generated as copepods moved
through a smooth density gradient was accomplished
using a Schlieren optical path (Strickler 1975a,b, 1977;
Kerfoot et al. 1980; Strickler et al. 1995; Strickler &
Hwang 1996).

Copepod collection and maintenance. Surface-
dwelling E. rimana and deepwater Pareuchaeta sp.
were collected from subtropical seas off Hawaii at the
Natural Energy Laboratory of Hawaii Authority (NEL-
HA) via an Ocean Thermal Energy Conversion system
of pipes, 0.5 meter in diameter with intakes at 30 m
and 600 m (see Fields & Yen 1993). Copepods thus
collected are in excellent condition, with intact anten-
nular and caudal setae. These lively copepods were
used either immediately in the fixed-frame videogra-
phy system or in the high-speed cinematography sys-
tem that we set up at NELHA. Only fresh animals,
tethered within a few hours to no longer than a few
days after collection, were recorded. For the wake vi-
sualization of free-swimming copepods, copepods
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Fig. 1. Trajectories of 10-um particles entrained within the feeding current of a tethered copepod, Euchaeta rimana (adult
female, cephalothorax 2.4 mm long). A. Plan view (dorsal or ventral) depicting flow direction in a plane parallel to that of
the antennules and the straight anteriorly-directed long setae of the antennules. B. Profile view (lateral) depicting flow over
the dorsal (at left) and ventral (at right) surfaces of the copepod. The (0,0) location is the tip of the rostrum, between the
paired antennules. Each arrow represents 1/6 s of particle travel time.

were collected at NELHA, placed in seawater-filled
sealed plastic containers, and sent in insulated boxes
directly by air cargo to the Strickler laboratory at the
University of Wisconsin.

Results
Feeding current of Euchaeta rimana

The trajectory of particles entrained in the flow field
of Euchaeta rimana is depicted in Fig. 1. The speed
of the flow varies from 1 to 20 mm s~ intersecting a
cross-section of the copepod varying between 0.1 mm
(width of antennule) to 2 mm (width of body), giving
Re estimates of 0.1 to 40. These low to intermediate
values for Re indicate that viscous forces are dominant
over most of the feeding current. Close analyses of the
pathlines show they do not cross, confirming that the
flow regime is laminar within this field.

Within the feeding current, the capture volume can
be defined in part by the breadth of the extension of
the predator’s maxillipeds, which are the capture ap-
pendages (Fig. 2A). Within the capture volume, the
orthogonal conformation of the 4-point array positions
the setae to intersect flow from several directions. Os-
cillations of the streamlines can be perceived by setae
parallel to the streamline and fluctuations in the speed
of the flow in the direction of its advance (accelera-
tion) can be perceived by the curved setae perpendic-
ular to the streamlines. Outside the capture volume,
most setae are aligned parallel to streamlines of the
feeding current and are best for detecting side-to-side

oscillations perpendicular to the long-axis of the seta
(Tautz 1979). Outside the feeding current, the distal tip
of the antennule bears a tuft of setae of varying length,
flexibility, and orientation. This tuft of setae can follow
a range of flow speeds and directions. By extending
the dista! tip outside the self-generated feeding current,
the strategically placed setal sensors can detect signals
in fluid flow outside the animal’s control. These in-
clude signals made by a predator’s feeding current or
by small-scale turbulence, for example.

By connecting points of equal speed, a map of the
isotachs surrounding the copepod shows complexity in
its hydrodynamic structure with strong definition (Fig.
2B,C). A high-velocity zone surrounds the antennae.
the locomotory appendages primarily responsible for
generating the feeding current. The flow speed is
greatest near the antennae (16~20 mm s-' flow region:
yellow isotachs) and declines steeply lateral and dorsal
to this central region. The left-right symmetry (Fig.
2B) with vorticity of opposite sense (Yen et al. 1991)
can contribute to the observed stability of the position
of the copepod. The structure of the feeding current
mirrors the bilateral symmetry of the body. The flow
field structure (Fig. 2C) shows dorsal-ventral asym-
metry. The solid dorsal surface of the copepod is more
curved, while ventrally, the appendages of the cepha-
lothorax direct the water in close to the body for ex-
amination of its content. High flow speeds over the
back of the copepod are directed and propelled by the
exopod of the biramous antennae. When hovering in
its upright position, or in the free-swimming orienta-
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tion (see Fig. 3D), the copepod body can be moved
dorsally by large flow speeds over the dorsal surface.

The above discussion refers to the feeding current
of a tethered copepod, as tethering permitted detailed
analyses of the flow field structure in E. rimana. Teth-
ering simulates the naturally occurring behavior of
hovering in this species. The shape and speeds of the
flow field of a tethered copepod are similar to the ve-
locities and curvature of a hovering untethered cope-
pod (Yen et al. 1991). Fields (1996) also compared
point measurements in flow fields of 2 other copepod
species and found no difference in the water flow ve-
locities in the same positions around tethered vs. un-
tethered copepods. In following sections, signals pro-
duced by freely swimming animals are examined using
untethered subjects.

Vibrations

Reciprocating appendages can produce vibrations—
by a continuous, repetitive movement or as a single
cycle of movement. In either case, a frequency can be
calculated as the inverse of the cycle’s period. The
frequency of oscillation has been measured most often
in head appendages, as it is these appendages that beat
most continuously. From the high-speed films taken of
tethered copepods, the beat frequency of the _..tennae
of adult females of E. rimana is 70-80 Hz. Its fre-
quency falls within the range noted for most copepods,
extending from 1 Hz to 150 Hz (Gill & Poulet 1986;
Price & Paffenhéfer 1986). The oscillating antennae
of a large (4—6 mm) deepwater subtropical copepod,
Pareuchaeta sp., are large enough to create conspic-
uous *‘ripples” in the Schlieren image, representing
water packets moved at a specific frequency by the
antennae (Fig. 2D). The oscillation has a frequency of
~30 Hz, similar to the beat frequencies of antennal
movements (10, 25, and 38 Hz) noted for a copepod
of similar size, E. antarctica (Montgomery & Mac-
donald 1987). The self-generated feeding current sig-
nal can be conceptually decomposed into the vibratory
AC component (containing an acceleration compo-
nent) and a net DC flow as described for fishes (Jans-
son et al. 1990). The DC flow of the copepod feeding
current is generated by oscillating head appendages.

The frequency of movements of various copepod
appendages differ from each other. Antennules of E.
rimana complete a single sweep in 80-90 ms, equiva-
lent to 11-12 Hz. Maxilliped extension, part of the
capture response, occurs within 25 ms, or at 35-45
Hz. A urosome rears up to its maximum bend and
closes down on the swimming legs within about 80
ms, or at 10-15 Hz for the completed movement. The
swimming legs can maintain a high-speed escape by
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multiple thrusts at 35-45 Hz. Other copepods show
swimming leg beat frequencies of 50 Hz (Strickler
1975a).

Wakes of escaping copepods

As escaping copepods jump through water, they
leave a hydrodynamically conspicuous wake. A freely
swimming adult female of E. rimana (cephalothorax
2.4 mm long) jumped 3 times and each time, a toroidal
vortex was shed (Fig. 3A). A juvenile (cephalothorax
1.5 mm long) jumped 4 times, shedding vortices sepa-
rated by 3 times their vortex radius (Fig. 3B). Each
time, a tiny vortex was created of the same sense
(clockwise in this view). The adult stage created a se-
ries of vortices at a rate of 30 Hz (Fig. 3A) while the
multiple vortices spun off the synchronized motions of
the thrusting swimming legs and undulating body of
the escaping juvenile had a frequency of ~100 Hz
(Fig. 3B). The frequency of the swimming leg oscil-
lations matches the dominant frequency of the animal’s
wake.

Wakes of freely swimming copepods

In the wake of a freely swimming individual of E.
rimana, barely a trace is left in the water, as seen in
both plan view (dorsal or ventral, Fig. 3C) and profile
view (lateral, Fig. 3D). In both plan and profile views,
only the distal tips of the antennules and caudal setae
create a hydrodynamic trail in the water. The slight
sideways (left) drift of the copepod also left a distur-
bance. However, in the profile view, only the narrow
trail of the caudal setae can reveal where the copepod
has been.

Discussion
The feeding current as a sensory field

Within the feeding current of Euchaeta rimana, fiow
velocities vary from 1 to 20 mm s-'. The flow field is
similar to that of Eucalanus crassus (fig. 2 in Strickler
1982) which has a Re of 0.75. At this low Re, flow is
laminar. The copepod takes the unstable nature of am-
bient fluid motion and organizes it within its feeding
current. The feeding current entrains water from a dis-
crete sector that follows streamlines along predictable
paths. Certain paths converge from 3 dimensions onto
the linear array of setae along the paired antennules.
Receptors, activated by hydrodynamic signals or prey
contact, mediate responses that are directed to that re-
ceptor’s sector of the feeding current. The copepod
may reorient itself so that the streamline intersects its
mouth, if the signal is that of prey, or the copepod
may initiate an escape in the opposite direction, if the
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generate the flow field, the copepod creates its own
familiar territory. The organized structure of the co-
pepod feeding current is different from the ambient
flow field, which may include small-scale turbulence.
At the scale of the copepod, turbulence still exists,
though viscosity reduces it to laminar shear. The lam-
inar shear features are thought to be randomly oriented
or isotropic. Recently, however, Squires & Yamazaki
(1993) did a direct numerical simulation of small-scale
turbulence and found that some defined structures have
a lifetime and occupy a space but the features still have
a degree of randomness not found in the feeding cur-
rent. Perturbations in the laminar feeding current, now
the familiar territory of the copepod, can alert the co-
pepod of an intrusion. Teyke (1988) found that fishes,
by swimming at a steady velocity, create a familiar
flow field for these same reasons. The strength of the
flow field can be controlled by the animal’s swimming
speed. Any perturbations in the established flow field
alerts the fish to the presence of an intruder. The iden-
tity of the disturbance—prey, predator, mate, rock—
can then be investigated.

The structure of the feeding current is complex, yet
defined. Different cooepods have feeding currents of
different structures (Fields 1996). Within the flow field
defined by isotachs, setae assume species-specific ori-
entations with respect to the direction of flow, and dif-
ferent species may have very different arrangements
of setae. Euchaeta rimana swims with its antennules
directed into water not yet disturbed by its own move-
ments or hovers and pulls water in a cone enveloping
the entire paired setal array. Hence, the cup formed by
the setal array intersects the bulk of the flow so that
fluctuations can be perceived and localized. Such an
orthogonal sensory array is useful for copepods that
roam a 3-dimensional aquatic environment. Responses
of these sensors may mediate how copepods orient to
signals embedded within the ambient small-scale tur-
bulence. Pleuromamma xiphias has mostly anteriorly
directed, straight setae oriented on a plane parallel to
flow created during the rapid vertically upward swim-
ming and downward sinking phases in its swimming
pattern (Fields, pers. comm.). Some species of Acartia
have a stellar setal arrangement (Chacon-Barrientos
1980; Jonsson & Tiselius 1990) that intercepts flow
created when the copepod hops up and sinks in seem-
ingly random orientations. Many antennular setae bend
only distally (Boxshall et al. 1997) and are direction-
ally sensitive (Yen et al. 1992). The array of setae on
the copepod antennules are multidirected and thus may
be used to receive and analyze signals from several
directions independently (Strickler & Bal 1973; Fried-
man 1980; Yen & Nicoll 1990; Weatherby et al. 1994).
Such directional orientation and sensitivity may be
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used to localize the source of the disturbance created
by prey, predator, or mate and enable the copepod to
differentiate the signal from background noise.

Maintaining a stable familiar environment is nec-
essary for the important functions of sensing signals
and food within this scanning field of the copepod. Yet
the stability of the feeding currgnt could be disrupted
by physically-induced turbulence (see illustrations in
Strickler 1985). To evaluate the stability of the cope-
pod feeding current, we can consider (a) the strength
of the feeding current, (b) mathematical models of
small-scale fluid flow, and (c) the persistence of the
flow structures. Considering the strength of the feeding
current as a function of the steepness of the velocity
gradient or shear, the copepod feeding current has
shear that is more intense at a smaller length scale than
most small-scale ambient turbulence (Yen et al. 1991).
The copepod should be able to maintain its feeding
current in the face of small-scale turbulence. Kigrboe
& Saiz (1995) comment that only under conditions of
vigorous mixing can small-scale turbulence erode the
copepod feeding current. Squires & Yamazaki (1993)
modeled small-scale turbulence by a direct numerical
simulation implementing the Navier-Stokes equations
of motion, and Stein et al. (1994) modeled the fluid
flow in the copepod feeding current. By merging these
two mathematical models, we could place the orea-
nized copepod current within the small-scale tur_u-
lence field and define conditions where turbulence can
interfere, disrupt, or overwhelm the copepod feeding
current. Such a model could examine the degree of
organization the copepod’s feeding current can impart
to the unstable fluid motion of turbulence. Consider-
ation also should be given to the persistence of these
fluid structures. Using metabolic energy, the biologi-
cally-generated feeding current is relatively constant
while the physically-induced eddies are transient and
are constantly losing energy at this end of the Kol-
mogorov cascade. An ephemeral eddy may momen-
tarily erode the feeding current but the copepod can
rebuild it. The copepod can re-establish its familiar
territory within a time interval proportional to the
force of propulsion of the antennae driving the feeding
current. The individual eddy will continue to dissipate
and fade.

Prey-predator signals within the feeding current
arena

A copepod’s feeding current entrains signals. Odors
that become entrained within the feeding current get
stretched and sheared but stay within the streamlines—
discrete in space, defined in velocity. A phycosphere,
surrounding an algal cell, can be separated from the
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cell if water is entrained in advective flow (Lazier &
Mann 1989). This occurs within the sheared flow of a
copepod feeding current. The leading edge of the de-
formed phycophere reaches the copepod before the
cell, stimulating aesthetascs to recognize important
chemical signals. From its familiarity with the spatial
distribution of streamline paths and their associated ve-
locities within the feeding current, the copepod may be
able to determine the time and distance separating the
signal source from the sensor. This capability of remote
detection gives the copepod early warning of the ap-
proach of the cell. Koehl & Strickler (1981) visualized
a dye stream of alga-bearing water parcels diverted ac-
tively by the copepod. Andrews (1983) modeled this
mathematically, and Moore et al. (1994) traced it elec-
trochemically. This variety of methods confirms the
spatial integrity of the signal within the streamlines of
the feeding current. Asymmetric movements of head
appendages can divernt the water carrying the algal cell
to the copepod’s mouth. Depending on the chemical
signals, a freely swimming copepod can orient to cap-
ture the cell or rn away if the odor is distasteful.
The feeding current entrains prey but mechanore-
ceptive predators can not perceive the prey unless the
prey move. Since many prey are rheotactic, they will
attempt to escape when they detect shear in the fluid
velocity gradient (Yen & Fields 1992). Hence, it is
advantageous for the predatory copepod to minimize
the amount of shear within its feeding current so as
not to alert prey to the presence of a predator (Strickler
1982). However, inherent in a feeding current with a
steep velocity gradient are areas where shear intensi-
fies and becomes detectable. An interesting interplay
results. Prey, entrained within the feeding current, ac-
celerate along the streamlines toward the predator until

Distance (mm)

T hovering (A). generating a feeding
0 1 2 3 current with flow velocities as de-
picted in Fig. 1. and by the copepod
freely swimming at 7 mm s™' (B).

they try to escape. Weak hops translate the prey but
they may become entrained again. Multiple hops of
the escaping prey shed multiple jets in the wake. These
jets disrupt the structure of the feeding current and
intersect mechanoreceptive sensory setae along the an-
tennules, giving information about the size, speed, and
position of the prey .opping in the predator’s feeding
current. With this information, the predator can pre-
pare to lunge suddenly and accurately toward the sig-
nal to capture the prey. Hence, the predator’s feeding
current serves another important function by provok-
ing prey escapes whose jet-like wakes expose their
presence. Jet-like fluid mechanical structures are
known to elicit responses from mechanosensitive co-
pepods (Yen & Fields 1994). In response to weak jets,
the copepod will flick its antennae, a response that can
reorient the copepod. When the fluid deformation is of
the same velocity and size as a natural wake of a pre-
ferred prey, the copepod will strike at the hydrody-
namic signal. When the jet speed is further increased,
the escape response is elicited. Observations of prey-
predator interactions between the copepods Acartia
fossae and E. rimana show that contact does not elicit
the capture response; only when A. fossae jumps away,
shedding a wake against the setae of the predator, does
E. rimana strike with its maxillipeds (Yen, unpubl.
obs).

The feeding current created by a hovering copepod
differs in hydrodynamic pattern from the flow field
surrounding a free-swimming copepod. When the hov-
ering copepod creates its feeding current, information
contained in the cone-shaped volume of water anterior
to the copepod is brought past the proximal sensors of
the antennules within the central capture region (Fig.
4A). Remaining still in the water and allowing the me-
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dium to flow past its sensors. this copepod practices
Eulerian averaging of the information input of the me-
dium. For the free-swimming copepod. a column of
water anterior to the copepod intersects the array of
sensors of the antennules as the copepod moves
through the water, now practicing a Lagrangian ap-
proach to information gathering (Fig. 4B).

Observations suggest that when signals (such as
prey) are abundant, E. rimana tends to hover (M. H.
Doall and J. Yen, unpubl. obs.). In a food-rich patch,
the copepod may hover, scanning the water in close
proximity. When the local environment is sparse in
food, the copepod swims, seeking food and scanning
a volume that projects farther ahead of the copepod
than when hovering. Free-swimming may increase en-
counter rate and serve as the search strategy when food
is scarce. These two strategies can adjust the encounter
rate of the predator with its prey. Gerritsen & Strickler
(1977) proposed an encounter rate model indicating
that at different relative swimming speeds, planktonic
prey and predators would encounter each other at dif-
ferent rates; fast predators would encounter slow prey
while slow predators were more likely to encounter
fast moving prey. Their model predicts differences in
encounter rate for swimming versus hovering cope-
pods. By adding turbulence (Rothschild & Osbomn
1988) and/or random walk (Yamazaki et al. 1991) to
this type of encounter model, an increase in encounter
probability is predicted. However, little consideration
was given to how behavioral responses such as per-
ception are affected by increased fluid motion. En-
counter rate in these models is extremely sensitive to
slight changes in perceptual abilities. Better estimates
are needed of perceptual volume to improve predic-
tions of prey-predator interactions.

Wake structure and intensity

The wakes of a hovering versus swimming versus
jumping copepod are different. When a hovering co-
pepod generates its feeding current, the minimum in
the velocity gradient occurs near the distal tip of the
antennule, demarcating the lateral limit of the feeding
current in this region. The hovering copepod pulls in
and expels a cloud of fluid. In contrast, in the wake
of the freely swimming copepod, the null point occurs
more proximal to the tip of the antennule. The swim-
ming copepod leaves barely a trace in the water. As
remarked in Yen et al. (1991), a steep velocity gradient
minimizes the extent of the hydrodynamic disturbance
generated by the copepod, thereby minimizing its con-
spicuousness. Predators are less likely to encounter the
fluctuations caused in the natural flow by the presence
of the copepod. For the freely swimming copepod, as

Yen & Strickler

the animal generates its flow, it advances into the area
from which the water is taken. The flow field is con-
structed in such a way as to effectively conceal most
of the copepod’s body: the high velocity zone is di-
rected by the antennal exopods over the body part of
most curvature and the inflow of the feeding current
matches the forward swimming, movement, resulting
in a quiet wake. Only the distal tips of the antennules
and caudal setae reveal the path. Such wakes of swim-
ming calanoids dissipate ten times faster than the
wakes made by hopping cyclopoids (Strickler 1975a).
The flow field is not only shaped so that the sensors
are useful, but timmed to minimize the disturbance.

When an animal moves through water, it creates a
disturbance in the fluid. When an animal moves more
quickiy through water, the energy it leaves in the water
is greater, and the fluid pattern persists longer. An es-
caping copepod moves faster (35-1000 mm s-') than
a swimming copepod (1-10 mm s-') and hence sheds
an intense wake of opposite momentum to the escape.
At 1 m s~!, the copepod has a Re of 2000. The co-
pepod thus moves from a laminar regime where vis-
cous forces are dominant into a transition zone where
inertial forces become important. We can see in the
patterns of the hydrodynamic disturbance that the
wake of the quickly moving copepod becomes more
turbulent.

In our study, the 30-Hz mushroom-shaped jets shed
by the adult copepod looked very different from the
trail of smaller circular vortices shed at 100 Hz by the
Jjuvenile copepod. The larger wake appears similar to
the structure of a toroidal jet. In a study of laminar jet
formation as controllable sources of momentum (Vor-
opayev 1983), the vortex dipole is considered the sim-
plest compact vortex structure that has momentum
(Voropayev & Afanasyev 1992). Voropayev et al.
(1991) further state that “jets and vortex dipoles are
united by the same mechanism of generation—the ac-
tion of a localized source of momentum in a viscous
fluid.” When the leading edge of the starting jet in-
trudes into the resting fluid, two vortices of opposite
sign—a vortex dipole—forms in the front region. The
front region forms the toroidal shape, entraining am-
bient fluid, while the jet behind flows into the front
region. An escaping copepod imparts momentum to
the water when it sheds the toroidal jet. By distinguish-
ing differences in the patterns of fluid deformations,
other mechanoreceptive animals may recognize the
signal source and respond appropriately.

Multiple escapes by the juvenile copepod left a se-
ries of vortices. Kinematic analyses show that all 4
vortices were of the same sense (clockwise) as a result
of the synchronous movement of the thrusting swim-
ming legs and undulating urosome. This is not a von




Advertisement and concealment in the plankton

Kdrmdn street, which produces vortices of opposing
sense (see Vogel 1994, p. 94). According to jet pro-
pulsion theory (Weihs 1977), when jets are formed by
vortices separated by less than 3 vortex radii as this
copepod made. power to the forward movement given
by such pulsed jets is greater than that generated by
continuous jet propulsion.

Vibrations

Oscillations of reciprocating appendages propel co-
pepods through water. For example, mouthparts oscil-
late to generate the feeding current and consequent
swimming movement. When escape is initiated, the
antennules sweep down to the body, then reciprocate
and return to their extended positions. During the es-
cape, the urosome rears up, forming a V with the dor-
sal surface, then pushes posteriorly to resume its initial
position. Swimming legs, activated for the escape, are
thrust posteriorly. The simultaneous movement of the
swimming legs and urosome toward the posterior forc-
es the enclosed volume of water to jet backward, pro-
pelling the copepod ahead. The legs relax and feather
when they reciprocate back to their original resting
position. Repetitive, rapid motion of the swimming
legs maintain the high escape velocities of up to 1 m
s~! for 3-mm copepods. These oscillations move the
fluid as well as the copepod.

Oscillatory fluid movements generated by the recip-
rocating swimming legs sustain the high flow-speed of
water adjacent to the body. At these high Re's, reduc-
tion of friction drag may free the copepod from its
viscous tether so it can achieve these high speeds (1
m s~' or up to 500 body lengths s~' for adult E. ri-
mana; Fields 1996). Multiple thrusts maintain the
swimming velocity and allow the copepod to slip
speedily along its escape path. At a Re near 2000, the
drag coefficient, C,, can decline abruptly (T. Osborn,
pers. comm.). A large reduction in drag may be ac-
complished with a slight increase in swimming veloc-
ity. The copepod’s body is streamlined, becoming even
more so during the escape, when the antennules lie flat
alongside the body and the legs close down onto the
narrow urosome. At low Re, streamlining is not need-
ed but at these higher Re’s, body form may play an
important role in reducing pressure drag.

Hydrodynamic signals have species-specific fre-
quencies. Prey signals include low amplitude, high fre-
quency (1 wm, 40-50 Hz) signals as well as high am-
plitude, low frequency (3-6 Hz) signals during swim-
ming (Montgomery & Macdonald 1987). The range of
frequencies of reciprocating appendages on copepods
is 1-150 Hz, even up to 1 kHz for cuticle vibrations
(Giguere & Dill 1979). The frequency of vibrations
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has a size-related component; small copepods have
higher frequencies than larger copepods for a variety
of movement (Price & Paffenhofer 1986). Physiolog-
ical studies show that copepods can detect minute vi-
brations; the neural response can phase-lock to the fre-
quency of a mechanical stimulus up to 600 Hz (Yen
et al. 1992; Lenz & Yen 1993). As mechanoreceptive
setae can phase-lock throughout the range of beat fre-
quencies characterizing copepod appendages. detec-
tion of the vibratory signal may convey information
about the size of the propagator or prey.

Scattered ambient marine noise is within the sensi-
tivity range of a copepod; there is more noise at low
frequencies and less noise at frequencies above 500
Hz (Wentz 1962). In the lower frequency range. the
threshold displacement of copepods is large, so am-
bient noise may not be detectable. Above 500 Hz,
there is little noise, and the copepod sensory system
is more sensitive in this range and can detect smaller-
amplitude signals. This similarity in the sensitivity
curve of the copepod (Lenz & Yen 1993) and the vari-
ations in amplitude of fluid movement of ambient
noise suggests that the copepod neural system may act
like a matched filter of marine noise, allowing distinct
signals to be differentiated above the background
noise.

The threshold displacement [M] at each frequency
[T-1 in the sensitivity curve can be expressed as the
speed [M T-'} at which the displacement occurs. The
relationship of threshold speeds versus frequency
shows a relatively frequency-independent response;
threshold speeds of 20 um s~! elicit receptor potentials
over a range of frequencies. A sharp decrease in sen-
sitivity at 900 Hz implies that time-varying distur-
bances that occur in less than " s apparently cannot
be resolved by the copepod receptor system. Still. the
copepod receptor system is remarkably acute: cope-
pods can sense less than 10 nm of displacement of
their setae at 20 pum s~! velocities. These thresholds
are similar to those determined for other aquatic crus-
taceans. A 10-nm displacement of caudal fan setae
elicits responses in crayfish (Moss & Wiesenfeld 1995)
and the mean threshold pulse speed for a cladoceran
is 0.36 pum s~' (Zaret 1980).

Giguere & Dill (1979) claimed that copepods pro-
duce acoustic stimuli from 500 to 1200 Hz, recorded
from copepods glued to radio earphones. Kirk (1985)
discounted these as cuticle vibrations. As acoustic tun-
ing is determined by the mechanical properties of the
sensor (Freeman & Weiss 1988), perhaps the cuticle
of the setal sensor or a seta of a given size have me-
chanical resonances around 900 Hz. Since different
species of copepods can have chitinous setal sensors
of similar size, this common physical trait of the sen-
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SOry system may account for the similar sensitivity of
the receptors of the copepod antennule to unnaturally
high frequencies. Further analyses (Yen, unpubl.) of
the behavioral responses elicited by the vibrations may
show that E. rimana exhibits mixed responses, not a
consistent one, suggesting that this high frequency sig-
nal conveys no information and simply startles the ani-
mal.

Many other aquatic animals can sense similar vibra-
tions. Quantitative studies by Bleckmann et al. (1991)
show that hydrodynamic receptor systems in a variety
of animals are well adapted to the frequency content
of naturally occurring hydrodynamic stimuli. The hair
fan organs on the chelae and carapace of the lobster
Homarus gammarus L. are extremely sensitive to os-
cillatory patterns of water flow, at frequencies up to
100 Hz (Laverack 1962). Water-movement sensitive
setae on the chelae of the crayfish Cherax destructor
are most sensitive to oscillations of 150-300 Hz with
a water particle displacement threshold of about 0.2
pm (Tautz & Sandeman 1980). Sensory setae on the
telson of the crayfish Procambarus clarkii has a
threshold of 0.1 um at 100 Hz (Wiese 1976). Weath-
erby et al. (1994) remarked that the setae of copepods
are morphologically similar to sensors known from
these descriptive studies of larger crustaceans. Back-
swimmers, Notonecta, discriminate prey from non-
prey on the basis of the frequency content of the water
vibrations produced by members of these two groups
(Wilcox 1988). Tuning curves of spiders indicated that
the vibration-sensitive neurons behave like bandpass
filtlers in which the best frequencies are in the fre-
quency range of courtship and prey signals encoun-
tered by the spider in its natural habitat (Speck-Her-
genrdder & Barth 1987). The attack response by a
chaetognath was triggered at frequencies between 9
and 20 Hz at source amplitudes of 100-500 um (Hor-
ridge & Boulton 1967), which Newbury (1972) found
to correspond to the beat frequencies of the feeding
appendages of certain copepods in their diet. More
studies of how organisms acquire and respond to in-
formation are needed to improve our understanding of
their sensory ecology (Dusenbery 1992).

Information comes to these animals in different
ways. For the lobster and crayfish, their chemical cues
often are carried in turbulent plumes, resulting in a
chaotic and patchy distribution of signals. It is difficult
to follow an odor path to the source; sensors detect
signals and monitor flow direction. In contrast, infor-
mation content and signal transmission to the copepod,
spider, and backswimmer have been simplified. In the
low-Re regime of the copepod flow field, viscosity re-
duces turbulent motion into laminar shear. Signals,
caught in the laminar feeding current, are perceived as
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a disruption of a defined pattern. Hence, the complex-
ity of information flow to the copepod from the am-
bient fluid motion is simplified within the dynamic yet
laminar feeding current. The spider does not monitor
all signals in its surroundings, only those that vibrate
the web, thus confining the information flow from the
3-dimensional environment to a 2-dimensional web.
Similarly, by living at the air-water interface, the back-
swimmer detects signals only on a 2-dimensional
plane. In these different ways for these different ani-
mals, the complexity of information content found in
their natural surroundings has been reduced.

Conclusions

The velocity gradient defining the distinct hydro-
dynamic patterns found in the copepod feeding cur-
rent, wake, and pulsed flow can change quickly over
time and space. The copepod sensory system provides
the tools needed to sense such small-scale flow con-
taining both positional and temporal information.
Separation between individual sensory setae and the
tufts of setae at the distal tips of the antennules provide
the copepod with the ability to measure shear at length
scales as fine as tens of micrometers and up to 10
millimeters, respectively. Only 10 nm of displacement
at 20 um s~' are - ..-ded to elicit a physiological re-
sponse from the linear array of multidirected setae.
Latencies of less than 10 ms in the reaction times of
the neurophysiological response and phase locking to
oscillations over 200 Hz indicate that copepods can
respond to rapid changes in water motion. Copepods
capture prey at reaction distances of 1-2 body lengths.
Hence, the sensitivity of the sensors and the spacing,
orientation, and morphology of the receptors permit
sensing of water motion on the microscale. Copepod
behavior can be used quantitatively as the criterion for
detection of the hydrodynamic signal. Thus, copepods
are useful not only as fish food but also as indicators
of the structure of small-scale fluid motion.

The Re of the feeding current of copepods is less
than 1. The Re of swimming by copepods is around
2-20. The Re of escaping is around 2000. The Re of
these activities of copepods span an interesting tran-
sition zone, from a low Re, viscosity-limited realm to
an intermediate-to-high Re, inertia-sensitive realm.
Copepods have evolved 1o be just the right size (0.3-
10 mm long) and speed to utilize the physical structure
of water at this interface for their advantage. With the
feeding current, copepods modify water flow around
themselves, enhancing their perception of important
Cues. As a low-Re structure, the feeding current or-
ganizes flow into a neat laminar pattern to facilitate
signal detection above the background noise. When
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copepods use the muscles in their antennules, legs, and
urosome to initiate the rapid escape, they assume a
streamlined form and are ablé to achieve speeds of 1
m s~', shedding wakes in the form of jets and vortices.
By studying copepods, perhaps we can learn more
about the flow patterns of water at this poorly-under-
stood transition zone between laminar and turbulent
regimes.
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Fig. 2. A. Photomicrograph of a live copepod. Eunchaeta norvegica, showing the breadth of the extended maxillipeds.
capture appendages of this pelagic marine carnivore (cephalothorax -4 mm long). Note the long setae lining the antennules.,

the pair of very long caudal setae, and the setae imparting iridescence to the caudal fan. Maturing oocytes within the paired
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Fig. 3. A. Three toroidal vortices
(30 Hz) shed by the escape move-
ments of an adult copepod. Enchae
ta rimana (cephalothorax 2.4 mm
long: copepod i1s the dark silhouente
in the lower right corner). B. Four
vortices (100 Hz) of clock-wise
sense shed by the escape move-
ments of a juvenile copepod. £, ri
mana (cephalothorax 1.5 mm long:
copepaod is seen in profile in the up-
per left area of the videoimage). C

and D. Wakes of free-swimming co

prpm]\, E. rimana (Lcl‘h.dnlhnl'll\
24 mm long), swimming through
seawater. C. Plan view of copepod
swimming upward. D. Profile view
of copepod swimming to the left
Note how smooth and thin the hy
drodynamic trail is. The density gra-
dient in the seawater, necessary for
Schhieren photography. 1s enhanced

visually with the color gradient. The

white image shows the water moved
by the copepod into an adjacent lay-

er of water of differing density

signal is that of a predator. Like a spider and its web, entrained along the streamlines and intersecting certain
the copepod and its feeding current can be examined  receptors inform the copepod of the position of the

as a unit, as recommended by Strickler (1985). Vibra-  source within the volume of its feeding current.

tions transmitted along the web inform the spider of Within the copepod feeding current, flow velocities

the position of the signal source within its web. Signals  remain relatively stable. Using metabolic energy to

oviducts in the translucent body of the copepod are deep blue. B and C. Isotachs (lines of equal speed) of fluid flow

surrounding a tethered copepod, Euchaeta vimana (cephalothorax 2.4 mm long). Each isoline represents increments of |

mm s ' of fow speed (except for the 1.5 to 2.0 mm s ' isolines). B. Dorsal view of flow: The innermost yellow isoline of
the plan view represents a maximum velocity of 20 mm s The blue 1soline crossing the distal tup of each antennule
represents 1.5 mm s ! flow. These are separated by only 2 mm. C. Lateral view of the flow: The innermost yellow isoline

on the dorsal side of the copepod body (at left) represents 17 mm s ' How. D. Schlieren videoimage of Pareuchaeta sp

showing the hydrodynamic imprint left by oscillatory movements of the locomotory appendages. the second antennae. The
frequency of the movement is 30 Hz. The distance between ripples (9 ripples per cephalothorax length) is approximately

S00 wm, The density gradient in the seawater. necessary for Schlieren photography. is enhanced visually with the color

eradient. The white image shows the water moved by the copepod into an adjacent layer of water of differing density
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