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Abstract Nearly all organisms show directional bias in

sensitivity to environmental signals. In this study, the

behavioral sensitivity of a common estuarine copepod,

Acartia tonsa, varies significantly with respect to their ori-

entation to a well-characterized fluid mechanical signal.

Maximum sensitivity occurs at an angle of 25�–30� and

lowest sensitivity occurs at angles of 60�–90� relative to the

source. These results support the hypothesis that copepods

are not uniformly sensitive to fluid signals and show direc-

tional bias in mechanosensitivity. The data also show that

large copepods initiate their escape reaction further from the

source than small copepods. There is, however, an unchar-

acteristically large increase in sensitivity at the transition

between the nauplii and C1 stage despite being similar in

size. This suggests that the mechanosensory system of the

naupliar stages is less sensitive to fluid signals and helps to

explain the higher predation rates experienced by nauplii.

Introduction

The spatial orientation of the prey is an important, but often

ignored, component of predator–prey interactions. In eval-

uating the outcome of predator–prey interactions, most

studies examine the susceptibility to predation based on their

location within the predator’s perceptive field (e.g. the angle

of a prey from the sensor of the predator). The data are then

used to map the sensory field of the predator for a specific

prey type (Fields and Yen 1996; Doall et al. 2002). However,

within a given location relative to the predator, the prey’s

orientation can vary considerably depending on its distri-

bution of mass (Fields and Yen 1997b; Jiang and Strickler

2005), feeding current structure (Fields and Yen 1993;

Bundy and Paffenhofer 1996) and ambient fluid motion

(Fields and Yen 1997b). To date, relatively little attention

has been given to understanding the potential effects of the

spatial orientation of the prey on their ability to detect and

avoid predators. Yet prey susceptibility is a product of both

the ability of the predator to detect and attack a prey and the

prey’s ability to detect and avoid an attack.

If a potential prey item can detect an attacking predator

with equal sensitivity from all directions, than their ori-

entation within a particular position in predators sensory

field will be of little consequence to their escape success.

However, if prey have greater sensitivity in one orientation

over another, then the attack angle relative to the preys’

orientation (and not only distance and position relative to

the predator) will have important consequences for its

ability to detect and escape predation. Limited directional

sensitivity can leave the prey with sensory ‘‘blind’’ spots

making them more susceptible to predatory attacks that are

initiated from a particular direction. For example, predators

that attack prey that use vision are more successful when

they approach from a direction where the prey has limited

vision (e.g. from behind). Similarly, chemoreceptive prey

are more likely to be captured by a predator approaching

from downwind (downstream) rather than upwind

(upstream). For rheotactic organisms, the existence or

location of ‘‘blind’’ spots remains unexplored. However,

there is circumstantial evidence from morphological and

physiological data to suggest that both terrestrial and

aquatic organisms may have mechanoreceptive ‘‘blind’’

spots in their sensory field. For example, insects such as
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cockroaches (Dagan and Parnas 1970) and crickets

(Insausti et al. 2008) possess air motion sensitive mechano-

receptors at the end of their abdomen and at the head of the

animal. When stimulated by the air motion caused by a fast

approaching predator, from either the rear or head, the prey

initiates an escape reaction. Attacks from the side, however,

appear less informed to the prey. Recent literature suggests

that predators of crickets (Eutruscan shrew) may exploit a

sensory weakness by attacking almost exclusively from the

side (Anjum et al. 2006). Similar sensory biases are also

prevalent in crayfish, which may be driving higher attack

rates from side (Herberholz et al. 2004).

Copepods detect other organisms, including predators,

primarily through mechanoreception (Fields and Yen

2002). Although there are no studies that examine the

sensitivity of the posterior region of copepods, it is likely

that the long setae on the caudal region are innervated

similar to lobsters and crayfish, providing sensory infor-

mation of an approaching predator. Positioned at the front

of the animal are two highly innervated antennae. Copepod

antennae are a linear array of approximately 100 mecha-

noreceptive setae (Huys and Boxshall 1991; Kurbjeweit

and Buchholz 1991; Yen et al. 1992). Because they are

organized in a linear fashion, their sensitivity to fluid

motion is inherently biased by its orientation in the flow.

Such a structure is analogous to the oceanographic

deployment of a series of flow meters connected linearly

along a single tether. If the array is deployed vertically in

the water column, it will detect velocity gradients with

depth in the water column. If the array is deployed hori-

zontally in the water column with all sensors at a single

depth, it will best detect velocity gradients in the horizontal

direction. This suggests the relative orientation of the

copepod’s antennae within a larger hydrodynamic feature

should impact its ability to detect flow from particular

directions.

In this study, experiments were conducted to directly

test if orientation affects the escape distance of laboratory

raised Acartia tonsa from a temporally stable and well-

described fluid disturbance.

Methods

Animal collection

Brood stock of Acartia tonsa was collected and sorted from

the pier at Bigelow Laboratory for Ocean Sciences (BLOS:

43�500N–69�380W). Cultures were maintained at 17–18�C

on a mixed diet of Rhodomonas lens, Isochrisis galabana

and Thalasiosira pseudonana. Stock algal cultures were

acquired from the Culture Collection of Marine Phyto-

plankton (CCMP) at Bigelow Laboratory and raised on f/2

media under continuous light at 18�C.

Video recordings

Video observations were made through a 1-l Plexiglas

vessel. A cube of approximately 90–100 ml of fluid in the

experiment tank (Fig. 1) was filmed for analysis using a

magnification of 12–20X. The filming apparatus was

arranged as a modified Schlieren optical pathway (Fields

and Yen 1993). The video cameras consisted of two per-

pendicularly mounted Hitachi cameras equipped with

105-mm Nikon lenses. In this way, the X Z coordinates and

the Y Z views of both the copepods and the siphon were

obtained. Filming simultaneously from two perpendicu-

larly mounted cameras provided three-dimensional coor-

dinates of all object within the field of view. The filming

volume was illuminated using two Melles Griot 632-nm

helium neon lasers each expanded and collimated to

50 mm using an Oriel (Newport, Stratford, CT, USA)

Fig. 1 Siphon configurations

used to evoke the escape

reaction in Acartia tonsa.

Siphons (1 mm OD) were

oriented a vertical upward, b
horizontal, c vertical downward

position. Flow rates through the

siphon were maintained at

1.83 ml/min for all

configurations
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beam expander and collimator. Images were recorded on

two Leitch DPS-Digital recording systems synchronized

with two Horita time code generators (TRG-50; Mission

Viejo, CA, USA). To increase temporal resolution, indi-

vidual video frames (0.033 s) were analyzed field by field

(0.0167 s) using NIH-Image Analysis� software.

Siphon tank configuration

A siphon flow was used to create a temporally stable fluid

mechanical disturbance. The resulting flow fields are well

characterized and have been used previously to analyze

copepod escape behavior (Fields and Yen 1996; Kiørboe

et al. 1999; Waggett and Buskey 2007). The siphons were

constructed from stock Cornix Pyrex glass capillary tubes

and mounted in the center of the 1-l tank (Fig. 1). The

mouth of the 1-mm (outer diameter) siphon was positioned

at a height of *50 mm from the bottom of the tank. Flow

rates for all siphon configurations were 1.83 ml/min. A

constant head pressure was maintained by simultaneously

replacing the exiting water with 0.45-lm filter seawater. To

minimize the disturbance to the siphon flow, incoming

water was reintroduced into the tank through a 20-lm mesh

screen located just below the water’s surface (Fig. 1). The

flow rate was chosen such that the majority of escape

reactions occurred at a distance of at least 3 mm from the

siphon center. This was to ensure that the siphon did not

interfere with the determination of the position of the

copepod in the video cameras. Since A. tonsa are bottom

heavy and tend to be oriented vertically within the water

column (Fields and Yen 1997b), three different siphon

configurations were used: a vertical siphon drawing fluid

down, a horizontal siphon and a vertical siphon drawing

fluid up (Fig. 1). The observation tank for each siphon

configuration was stocked with 200–300 animals. Each

escape was treated as an independent measure.

Escape behavior

The appendages (and their motion) involved in an escape

reaction have been described for Cyclops sp. (Strickler

1975; Lenz and Hartline 1999; Lenz et al. 2004) and

Oithona sp. (Fields 2000) and can be easily differentiated

from a simple flick response or an attack response (Fields

and Yen 2002) based on the appendages used. The escape

reaction can involve a single jump in which the antennae

are drawn to the sides of the body followed by the motion

of the swimming legs or a series of jumps in which there is

one beat of the first antenna followed by multiple cycles of

motion in the swimming legs (Strickler 1975; Fields 2000).

Both single and multiple jumps (from a single escape) were

used in this analysis. Since the threshold for the escape

reaction decrease with multiple sequential escapes (Fields

2000), in cases where the flow re-entrained the same ani-

mal after an escape, only the first escape reaction was used

for further analysis.

Copepod orientation at the point of escape

Video recordings were analyzed frame by frame to

determine at what distance the copepods escaped and

their relative orientation to the fluid signal. Although

animals escaped from all regions surrounding the siphon,

analysis was limited to those animals that escaped within

7� of the midline of the mouth of the siphon (Fig. 2, h1).

An angle of 7� was chosen as an effort to maximize the

number of escape reactions eligible for analysis while

limiting the location of the escapes to a relatively small

region. By limiting the analysis to only those animals

escaping in the ‘‘same’’ location relative to the predator,

(the siphon) the independent effect of the prey’s orien-

tation (Fig. 2, h2) on the escape location could be

determined. Based preliminary data, at a distance of

3 mm parallel to the mouth of the siphon, the spatial

differences in the fluid velocity were relatively small

(\1%) while the number of animals initiating their

escape response was sufficiently high. The location and

orientation of the copepods were calculated from coor-

dinates taken from the video field just prior to each

escape reaction. Four coordinates from each animal were

collected using data gathered from both cameras: head

(X1,Y1,Z1), caudal furca (X2,Y2,Z2), left (X3,Y3,Z3) and

right (X4,Y4,Z4) antennules tips (Fig. 2). The animal’s

midpoint (MP) was calculated as:

MP ¼ X1 þ X2

2

� �
;

Y1 þ Y2

2

� �
;

Z1 þ Z2

2

� �
: ð1Þ

The coordinates for each video frame was referenced to

the siphon by assigning the origin to the midpoint of the

siphon. The siphon center was denoted (Xo,Yo,Zo) and

distance (D) of the escape from the siphon was measured

from the midpoint of the siphon mouth to the midpoint of

the animal as:

D ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðXmp � X0Þ2 þ ðYmp � Y0Þ2 þ ðZmp � Z0Þ2

q
ð2Þ

where (Xmp, Ymp, Zmp) represents the three-dimensional

location of the copepod’s midpoint.

The angle (in degrees) of the midpoint relative to the

siphon center (h1) was calculated as:

h1 ¼
180

p
ATAN

ððX1 � X2Þ2 þ ðY1 � Y2
2 ÞÞ

1
2

ðZ1 � Z2Þ2

 !
: ð3Þ

The orientation of the animal’s antennules relative to

midline of the siphon was calculated as:
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h2 ¼
180

p
ATAN

ððX3 � X4Þ2 þ ðY3 � Y2
4 ÞÞ

1
2

ðZ3 � Z4Þ2

 !
: ð4Þ

The distance (D) of the escape reaction from the siphon

was plotted as a function of the copepod’s orientation h2

(Fig. 2) with three possible outcomes: (1) there is no

relationship between the orientation of the animals and

their escape distance from the siphon. (2) The escape

distance is directly proportional to the escape distance

(related linearly). (3) The escape distance shows a mid-

angle maximum. The effect of orientation on escape

distance was evaluated by fitting the data to both a linear

regression and a three parameter Gaussian curve (Eq. 5) to

test for a mid-angle maximum. Only data that showed a

significant slope to either the linear equation or a

significant fit to a Gaussian curve allowed rejection of

the null hypotheses that orientation of the prey has no

effect on the escape distance from the siphon.

d ¼ ae
�0:5

h�h0
b

� �2
h i

: ð5Þ

Results

Greater than 99% of the animals initiated an escape

response when entrained by the siphon. The few animals

that did not escape (6 of 921) were either dead (5 animals)

or severely damaged (1 animal). Of the remaining 915

escape reactions, only animals that initiated their escape

reaction when located directly in front of the mouth of the

siphon (h1 \ ±7.0�) were used for analysis. The body size,

antennal orientation (relative to the siphon midline) and the

escape location of 17 nauplii (N2-N6) and 82 copepodite

through adult (C1-Adult) stages were used in this analysis.

The expected result from the different siphon configu-

rations was to produce a full ±180� range in animal ori-

entation relative to the siphon. However, for the copepods

that escaped directly in front of the mouth of the siphon,

the orientation angle was never higher than 68� and rarely

above 55�. As animals were entrained by the siphon, they

were rotated by the spatial gradient in fluid velocity such

that their cephalic region pointed away from mouth of the

siphon prior to the escape (Fields and Yen 1997b). Even

animals drawn from the siphon mounted above the animal

rarely initiated their escape reaction until they were ori-

ented with their cephalic region facing away from the

siphon center. As a result, only orientations from 0� to

*68� were available for analysis.

Effect of body size on detection distance

Both the nauplii (N2-N6) and copepodite—adult stages of

Acartia tonsa showed a significant linear relationship

between the size of the animal and the distance from the

siphon at which they initiated their escape (Table 1; Fig. 3),

although both age groups showed considerable variation in

their absolute distance from the siphon (r2 = 0.24;

r2 = 0.19, respectively). The transition from the nauplii

stage to the copepodid stage includes a distinct change in

the relative size and orientation of the antennules. Naupliar

stage copepods project their small antennules forward and

nearly parallel to the body. The copepodids, in contrast,

have longer antennules that project nearly perpendicular to

the body axis. At this metamorphic transition, copepodids

showed greater sensitivity to the siphon flow compared to

the similarly sized nauplii. The escape response of the C1

stage was initiated approximately two BL (body lengths)

further from the siphon than the nauplii.

The effect of orientation on escape location

Some of the variability in the escape distance for a par-

ticular size range of copepod is explained by the orientation

of the animal. Copepods were divided into four age groups

(N2-N6: C1-C2; C3-C4; C5-adults) and analyzed for the

effects of orientation on their escape distance from the tip

of the siphon. The orientation of the animal was plotted as

a function of the escape distance and fit to both a linear

equation and to a simple Gaussian curve (to test for a mid-

θ2 

θ1 

D

X1, Y1, Z1 

X2, Y2, Z2 
X3, Y3, Z3 

X4, Y4, Z4 

1 mm 

Fig. 2 Data points and coordinate system used to describe the

orientation of Acartia tonsa. Dots indicate the six data points taken

from the video frame just prior to the initiation of the escape reaction.

Vertical dashed lines indicate the location of the copepod relative to

the mouth of the siphon. Only copepods that were located directly

above the siphon (h1 = 0 ± 7) were used in the analysis. The

orientation of the copepod (h2) and the distance from the siphon was

determined for each escape reaction
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angle maximum). The data for the younger stages (N2-N6

and C1-C2; Table 2) showed no significant effect of ori-

entation on the escape distance. However, in the older

stages of A. tonsa (C3&C4–C5& adults; Fig. 4) there was a

statistically significant effect of orientation on the escape

distance. The escape reaction for both age groups occurred

at a maximum distance when the copepods were oriented

25�–30� from the siphon. At this angle, the escape reac-

tions for both groups were initiated at over twice the dis-

tance of that found at either 0� or 60�.

To determine the interactive effects of animal size (C3-

Adult) and orientation, the distance of the escape from the

siphon (d) was fit by numerical iteration (Sigma Plot 10;

Jandel Software) to a simple 3D Gaussian equation:

d ¼ ae�0:5
x�x0

bð Þ2þ y�y0
cð Þ2

� �
ð6Þ

where a (4,479.0 ± 209.3), b (593.0 ± 133.2), c (35.7 ±

4.7) are calculated constants, and x (923.6 ± 112.2) and y

(22.3o ± 2.7o) are the size (lm) and orientation (deg),

respectively (Fig. 5 Table 2). For C3 through adult stages,

the escape distance was significantly related to copepod

size and orientation of the copepod (Table 2). The greatest

sensitivity occurred when the animals were oriented at an

angle of 20�–30� from the siphon. The lowest sensitivity

occurred at 60�.

Discussion

Copepods detect and respond to spatial gradients in fluid

velocity with a variety of behaviors ranging from simple

antennule flicks, predatory attacks or escape responses

(Fields and Yen 2002). In this study, we have tested

whether the orientation of the animal with respect to the 3D

spatial gradients in fluid velocity affect the behavioral

sensitivity for the escape response in Acartia tonsa.

Effect of sensor size on escape threshold

Boxshall et al. (1997) suggested that sensory structures

responsible for predator detection (namely the distal tips of

the antennules) appear early in development (naupliar

stages) and are conserved throughout ontogeny. Individual

Table 1 Statistical results for the linear regression of escape distance as a function of orientation

Stage Yo m P N (df) Adj r2 Significance

N2-N6

Linear fit 1,755.5 (125.0) 1.5 (0.6) 0.02 17 (16) 0.25 *

C1-Adult

Linear fit 1,968.1 (324.7) 2.2 (0.5) 0.001 82 (81) 0.19 ***

Yo is the escape distance intercept, m is the slope, P is the probability, N the number of observations, df is the degrees of freedom, Adj is the mean

adjusted correlation

* \ 0.05, *** \ 0.001
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Nauplii (N2-N6) Copepodite - Adult (C1 - Adult)

Fig. 3 Escape of Acartia tonsa from the suction flow. The data were

divided into two groups, naupliar stages and copepodite–adult stages,

each independently fit to a linear equation. Despite high variability,

linear equations for both data sets are significant. See Table 1

Table 2 Statistical results for linear and gaussian curve fit to the

escape distance as a function of orientation

Stage P N (df) Adj r2 Significance

N2-N6

Linear fit 0.02 17 (16) 0.25 *

Gaussian fit 0.30 17 (15) 0.04 NS

C1-C2

Linear fit 0.36 17 (16) 0.00 NS

Gaussian fit 0.65 17 (15) 0.00 NS

C3-C4

Linear fit 0.91 40 (39) 0.00 NS

Gaussian fit 0.001 40 (38) 0.28 ***

C5-Adult

Linear fit 0.18 25 (24) 0.34 NS

Gaussian fit 0.009 25 (23) 0.29 **

C3-Adult

3D Gaussian fit 0.001 82 (77) 0.37 ***

P is the probability, N the number of observations, df is the degrees of

freedom, Adj is the mean adjusted correlation coefficient

* \ 0.05, ** \ 0.01, *** \ 0.001
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antennule segments are added in the proximal region and

lengthen as animals develop through the nauplii and co-

pepodid stages to adulthood. This gives rise to an increase

in the overall length of the antennule. Assuming all setae

have the same sensitivity, the length of the antennule will

determine the distance over which a velocity gradient is

detected. A small increase in antennule length gives rise to

a large difference in the velocities at either end of the

antennule, since fluid velocity decays exponentially with

distance. Thus, the ability to detect a spatial gradient in

fluid velocity should increase with increased antennule

span. Yen et al. (1992) reported a fluid velocity threshold

of 20 lm s-1 for an individual mechanosensor. If we

assume that this threshold remains constant, an animal with

a 1-mm antennal span (early stage copepodite) can poten-

tially detect a velocity gradient of 20 lm s-1/1 mm (two-

dimensional sheared flow of 0.02 s-1). In contrast, an

animal with a 2.2-mm antennal span (an adult Acartia)

theoretically could detect a spatial gradient in velocity of

0.009 s-1. Thus, the different ontogenetic stages would be

expected to have a twofold difference in sensitivity to the

same velocity gradient, despite having equal sensitivity of

the individual mechanosensors.

The data presented in this study shows a significant

increase in detection distance with increasing body size.

From the C1 to the adult stage, every micron increase in

body length gave rise to a 2 micron increase in detection

distance. This allowed adults to initiate their escape reac-

tion, on average, 1.6 times further from the siphon than the

C1 stage and 2.2 times further than the nauplii stage. The

direct relationship between body size and escape distance

supports the hypothesis that the higher predation risk of

younger stages may be driven in part by their decreased

sensitivity to the fluid signals and not just a result of lower

escape speeds of the nauplii. These results reinforce pre-

vious data for this same species showing that the threshold

for an escape reaction of copepod nauplii is much higher

than for adult copepods (Fields and Yen 1997a; Kiørboe

et al. 1999).

Size, however, did not explain all of the variability in

escape distance. Copepods experience a notable morpho-

logical change in their antennules, when they metamor-

phose from the nauliar stage to copepodid stage. Despite

the similarity in size, the escape reaction of C1 was initi-

ated at a 27% greater distance than the same-sized N6.

There is presently little data on the sensor morphology or

physiology of either copepodite or naupliar stage copepods

but changes in the antennule architecture is likely to be an

important factor determining behavioral sensitivity and

warrants further research.

Effect of orientation on escape threshold

Experiments conducted in this study demonstrate that the

escape distance varies with the copepod’s orientation (h2
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Fig. 4 Escape distance as a function of the orientation (h2 in Fig. 2.) of Acartia tonsa C3-C4 (a) and CV-Adult (b). All escape reactions

occurred directly in front of the mouth of the siphon (h1 = 0 ± 7�). The data were fit to a 3 parameter Gaussian curve as:d ¼ ae
�0:5
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Fig. 5 Escape distance (d) of Acartia tonsa C3-adult (600–

1,000 lm) from the tip of a siphon as a function of the animal’s

size (s) and orientation (h) Data were fit to a 3D Gaussian curve (see

text for parameter values, see Table 2 for statistical results)
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Fig. 2) within a given hydrodynamic disturbance. These

results suggest that A. tonsa is not uniformly sensitive to

an attack from all directions and have the mechanore-

ceptive equivalent of ‘‘blind spots’’ to attacks from par-

ticular angles. C5 to adult A. tonsa initiated an escape

reaction up to 2BL further away from the siphon when

oriented at an angle of 20�–30� (from vertical) than when

oriented at 0� and up to 3 BL further away than when

oriented at 60� Directional sensitivity results from a

combination of the directional bias of the individual

mechanoreceptors (Fields et al. 2002; Fields and Weiss-

burg 2004 and references therein) and their distribution as

a linear array of flow sensors along the antennule (Huys

and Boxshall 1991; Kurbjeweit and Buchholz 1991; Yen

et al. 1992; Fields et al. 2002). What remains unclear,

however, is why the relationship between orientation and

escape distance shows a mid-angle maximum. If the

individual setae showed no directional bias, maximum

sensitivity to spatial gradients in flow would be achieved

when the antennules were perpendicular to the flow. As

the angle of the antennules increased, the projected area

exposed to the laminar flow should decrease as a cosine

function. The effect should be similar to decreasing the

antennal span. However, rather than showing a decline in

behavioral sensitivity with angle declination, the escape

distance was maximum when animals were oriented

between 20� and 40� from vertical. Part of the explana-

tion lies in the directional sensitivity of the individual

sensors driven by supporting structures surrounding the

sensor or the shape of the sensor itself. For example, a

cuticular socket, housing individual setae can restrict the

motion of the sensor to a particular direction (Laverack

1976; Weise 1976; Ball and Cowan 1977; Tazaki 1977;

Yen et al. 1992). Alternatively, a morphological features

such as a bend in the setae provides asymmetrical struc-

tural rigidity that limits directional movement (Fields and

Weissburg 2005), while feathered setae are more likely to

respond to flow that is perpendicular to the side of the

setae with the largest cross-sectional area. Directional

sensitivity of individual mechanosensors had been repor-

ted for insects (Kumagai et al. 1998; Shimozawa et al.

1998), arachnids (Humphrey and Barth 2007) and other

copepod species (Fields et al. 2002).

Strong predation pressure has been cited as the evolu-

tionary cause for behavioral (diel vertical migrations (En-

right and Hamner 1967), morphological (cyclomorphosis—

Brooks 1946) and neurophysiological adaptations (mye-

linated neurons—Weatherby et al. 2000; rapid firing

rates—Fields and Weissburg 2004) in planktonic crusta-

ceans. In this context, it is worthwhile considering the

selective pressures that may drive copepods to maintain a

particular orientation in the water column. The orientation

adopted by an organism is not random. The orientation is

due to either the behavioral characteristics and/or the

results from the interaction between the morphology of the

organism and the frictional forces of the fluid environment

(air or water, Jonsson et al. 1991). For example, the stable

sinking orientation arises from the balance of two forces:

the rotational force due to the separation of the center of

mass and the geometric center, and the frictional force

between the animal and the surrounding, moving fluid

(Vogel 1981; Jonsson et al. 1991). Although there are only

a few empirical measurements for most organisms, the

geometric center and the center of mass within the body are

not identical. This separation creates a lever arm that

rotates the organism around the geometric center until it is

heavy side down. This provides organism with a stable

orientation (Kessler 1985). Passive geotactic mechanisms

have been found in bivalve larvae (Jonsson et al. 1991),

ciliates (Roberts 1970), algae (Kessler 1985), echinoderm

larvae (Pennington and Strathmann 1990) and copepods

(Fields and Yen 1997a). Pennington and Strathmann

(1990) speculate that echinoderm larvae have evolved such

passive mechanisms to aid in feeding. Acartia tonsa as are

many copepod species (Fields and Yen 1997a; see Jiang

and Strickler 2005 for exception) are bottom heavy,

maintaining a vertical position in the water column with

their antennules positioned parallel to surface. The results

of this study suggest that when copepods are vertically

oriented in the water column, their most distant escape

reactions occur when they are attacked from angles of 20�–

30� from the vertical. In contrast, when copepods are

attacked from the side (0�), they have the highest suscep-

tibility to being captured (they initiate their escape when

the predator is the closest). Thus, all things being equal, an

attack would be most profitable to the predator if they

approached the copepods from the side (0�). However, the

visibility of planktonic prey to a visual predator is strongly

affected by the visual angle (h1: Fig. 6) of the prey relative

to the approaching predator. Optical measurements suggest

that in down-welling light, pigmented planktonic organ-

isms are most visible (showing the highest contrast) when

they are directly above the predator (0� ± 30�: Thetmeyer

and Kils 1995) and nearly invisible when viewed from the

side. Janssen (1981) suggests that there maybe a second

visibility maxima for transparent prey when they are at an

angle slightly larger than Snell’s window (48.6�). Ambient

light from an angle greater than 48.6� comes from the

water below and is reflected off the surface thus appearing

dark to the fish. In contrast, transparent zooplankton

receives light from above, appearing as a brightly lit

copepod on an otherwise dark background.

The greater visibility should theoretically drive the

predators to initiate the majority of attacks from angle

relative to the prey. Observational data support this

hypothesis. Janssen (1981) found that blueback herring
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Alosa aestlvalis attacked planktonic prey along average

trajectories of 54� (Fig. 1; h1) relative to the fish or 36� (h2)

relative to the prey. Thetmeyer and Kils (1995) and Batty

et al. (1990) report attack angle of 43� and 47� for juvenile

and adult herring, respectively, feeding on copepods.

Similarly, observations for white crappie (Browman and

Obrien 1992a) and golden shiner (Browman and Obrien

1992b) show a predominance of attacks on planktonic prey

from angles of *43�. The results presented in this study

suggest that the orientation of copepods in the water col-

umn and their greater sensitivity to a mid-angle attack may

be an evolutionary response to their higher visibility and

hence greater probability of being attacked by visual

predators.

Characterizing fluid motion

Determining the specific characteristics of the fluid signal

that evokes an escape reaction in copepods is required to

understand the ecological implications of different bio-

logically created flow fields. Since copepods are direc-

tionally sensitive to a given fluid signal, predicting the

behavioral response requires knowledge of both the fluid

characteristics and the relative orientation of the animal.

When a force is imparted on a fluid volume, the fluid parcel

is moved to a new location and is rotated and deformed

(Batchelor 1968). For reasons explained in Fields and Yen

(1996), the ability to detect movement to the new location

requires acute vision and, therefore, is unlikely to be

important for the detection of fluid motion by the copepod.

Vorticity and deformation, in contrast, provide a potential

stimulus for detecting displacement. However, Kiørboe

et al. (1999) present convincing evidence that fluid vor-

ticity by itself does not evoke escape reactions. This leads

to the conclusion that copepods must respond to fluid

deformation. Herein lies the confusion. Fluid deformation

describes fluid motion in three-dimensions using single

value to describe the magnitude of the deformation.

Copepods, in contrast measure fluid motion preferentially

within a particular plane. It is this inconsistency between

the way fluid signals are characterized, and the way they

are detected that has lead to misconceptions about how

copepods will respond to given fluid disturbances. The

deformation experienced by a small finite volume requires

six directional components for complete specification

(Batchelor 1968). In Cartesian co-ordinates, the strain rate

(S) tensor is given as:
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where du, dv, dw are the change in the velocity in the X, Y,

Z direction, respectively. In essence, the fluid deformation

is the 3D composite of the fluid velocity with respect to

space, based on a calculation using all the individual shear

tensors shown in the matrix above. The diagonal terms in

the matrix (upper left to lower right) are the normal strain

terms or the ‘‘along streamline strain rate’’ terms (longi-

tudinal deformation) as referred to by Andrews (1983). The

off-diagonal terms represent shear strain rate or the cross-

streamline strain rate (pure shear deformation) in each of

the three dimensions. Because of viscosity, fluid motion at

or below the Kolmogoroff scale (the smallest eddy size)

behaves in a correlated manner, motion in one plane

simultaneously causes motion in all the other dimensions.

Mathematically, the magnitude of the deformation rate is

calculated independent of the coordinate system. The

direction of the deformation is given by rotating the matrix

along the axis that yields the greatest deformation

Fig. 6 Cartoon of the perceptive field of a marine copepod (Acartia
tonsa) and that of a visually based fish predator. The copepod’s

maximum detection distance for a suction flow occurs at an angle of

20�–30� from the horizontal plane. The maximum detection distance

for the visual-based predator (fish) occurs either when its prey is

directly above 0� (maximum contrast) or when it is at an angle

slightly greater than Snell’s window (48.6� from vertical). The

average attack angle for planktivorous fish (- - -) occur at *45�
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(commonly referred to as the principle axis of deforma-

tion). The coordinate system is oriented such that the

maximum strain rate is along one of the axes and the minor

strains perpendicular to that axis. Thus, the magnitude of

the deformation remains constant regardless of the coor-

dinate system chosen for the analysis. However, at any

given instant, the generated flow magnitudes are never

equal in all dimensions. Even during isotropic turbulence

(where the values are calculated over a long time frame),

the instantaneous magnitudes of the strain rate over the 3

dimensions differ. Thus, flow geometries that differ enor-

mously in the orientation of the principle axis of defor-

mation can result in the same magnitude of fluid

deformation. Similarly, flows with very different magni-

tudes of deformation can have equal strain rates in one or

several of the component directions. Thus, the deformation

rate provides a convenient tool for describing fluid

behavior but is not convenient for interpreting the behavior

of copepods.

Calculating the threshold deformation for organisms that

preferentially detect flow in a particular plane is analogous

to calculating the threshold intensity of scattered light for

organisms that detect only polarized light within a partic-

ular plane. The measured intensity of the signal only pro-

vides a maximum value, but the actual threshold for the

animal can range from the maximum value to values

approaching zero, depending on orientation. Using the

deformation, rate is applicable only if one assumes either

that the organism detects fluid signals equally in all

directions or that they average information over long time

scales. For copepods, neither of these assumptions is met

and using deformation will inherently leads to high vari-

ability in the calculated threshold. Determining the actual

threshold requires that the signal be measured in the

appropriate plane relevant to the animals individual ori-

entation. These results suggest that previously reported

thresholds based on animals in many orientations under-

estimate the sensitivity of copepods. Furthermore, such

generalizations conceal the potential ecological implica-

tions of an organism’s natural orientation as an antipreda-

tory strategy.

Predator–prey interactions are often the result of gen-

erations of interactions. The finality of being eaten pro-

vides fertile ground for exploring the subtle interplay

involved in the sensory arms race. Such studies require an

understanding of the signals, the decay of those signals in

space and time and the architecture of the sensory sys-

tems involved. More studies aimed at the capabilities of

the sensors and how they couple to the physical envi-

ronment is necessary to appreciate how relatively simple

neurological systems can decipher complex and ephem-

eral signals.
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