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Copepods are dominant members of planktonic communities and provide an 

important link within oceanic food webs. They are active grazers on phytoplankton and 

microzooplankton. In turn, copepods are preyed upon by a wide range of predators with 

diverse foraging tactics from ambush-entangling predators (ctenophores and jellyfish) to 

cruising raptorial feeders (fish). Copepod survival depends on their ability to both 

remotely detect and avoid approaching predators, and they have evolved many behavioral 

and physiological features to increase their chance of survival. One such behavior is an 

extraordinary escape reaction during which copepods typically achieve velocities greater 

than 100 body lengths per second. Accelerations up to 30 G allow them to reach these 

speeds in milliseconds. A successful escape reaction is not a singular event. It results 

from the integrated function of several escape reaction components, including sensitivity 

to hydrodynamic stimuli, response latency, reactive distance, escape speed, acceleration, 

and jump distance.  
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Copepods were exposed to various hydrodynamic stimuli and the components of 

their escape reactions were quantified using video-to-computer motion analysis 

techniques. Copepod escape performance differed among copepod species and varied 

with the strength of the impending stimulus. In response to a repeatable near-field 

hydrodynamic stimulus, minimum behavioral response latencies of 2 ms were recorded 

for myelinated and non-myelinated species, and larger copepods had greater kinetic 

performance. Most prior copepod research has been performed under still conditions; 

however, copepods normally experience small-scale turbulence in their natural 

environments. Results from this research indicate that turbulence affects several copepod 

escape reaction components, including reactive distance, and sensitivity, indicating that 

future research must be conducted under more realistic conditions if we are to accurately 

evaluate copepod behavior. 

Copepod escape behavior was also examined in response to two predators having 

contrasting foraging tactics. Despite their perceptual abilities and short response 

latencies, copepods were readily consumed by the visual predator, the spinyhead blenny, 

and the flow-generating predator, the ctenophore. Copepods modified their kinetic escape 

performance relative to the strength of the applied stimulus. Their greatest kinetic 

performance was in response to the blennies, which were also the more successful 

predators.  
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Chapter 1: Copepod survival: sensory and behavioral adaptations to 
avoid predation 

Copepods play two major roles in the oceanic food web: as grazers of 

microplankton and as a food source for higher trophic levels. As a group, copepods are 

omnivorous, consuming both phytoplankton and zooplankton. Many reports indicate that 

copepods may dominate the mesozooplankton, zooplankton between 0.2 and 20 mm in 

length (Heinrich 1962; Deevey 1971; Buskey 1993; Barquero et al. 1998). Due to their 

abundance, copepod grazing plays a role in the regulation of phytoplankton 

concentrations (Dagg and Turner 1982; Banse 1995) and may affect species composition 

(Nejstgaard et al. 1997; Meyer-Harms et al. 1999). In turn, many oceanic carnivores, 

including fishes, ctenophores, cnidarians, squids, and whales, prey upon copepods 

(Pearre 1982; Clarke 1992; Kehayias et al. 1996; Waggett and Costello 1999). These 

factors illustrate the significance of copepods in maintaining the balance of oceanic 

ecosystems as well as indirectly influencing fisheries. 

PREDATOR AVOIDANCE ADAPTATIONS 

Copepod survival depends upon their ability to detect and escape from predators.  

Predator avoidance adaptations, such as vertical migration, bioluminescence, and escape 

reactions, have been observed and documented, but gaps exist within our understanding 

of these processes. Many planktonic species, including calanoid copepods, have evolved 

a cryptic appearance, being both small and nearly transparent (Greze 1963). Visual 

predators selectively consume larger and more conspicuous prey organisms (Brooks and 

Dodson 1965; O�Brien et al. 1976; Byron 1982; Tsuda et al. 1998), suggesting that semi-

transparency and small size may facilitate predator avoidance (Kerfoot 1980; Hamner 

1996); however, certain predators possessing UV-sensitive vision and polarization-
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sensitive vision have an enhanced ability to visually detect transparent organisms, 

indicating that these cryptic adaptations may be insufficient on their own for protecting 

zooplankton from predation (Shashar et al. 1998; Johnsen 2001). This research indicates 

that zooplankton are pervious only to certain wavelengths of light and are only 

�transparent� to organisms that lack UV- or polarization-sensitive vision. 

Diel vertical migration is a behavioral adaptation that allows certain copepods to 

reduce predation by visual organisms (Zaret and Suffern 1976; Wright et al. 1980; Frost 

1988). Changes in light intensity can induce migration patterns in photosensitive 

copepods (Buchanan and Haney 1980; Buskey et al. 1989). At dusk and throughout the 

night, negatively phototactic copepods migrate to the surface waters where they feed on 

phytoplankton assemblages without being seen by their visual predators (Schnetzer and 

Steinberg 2002). Before dawn, they swim to deeper waters where they remain throughout 

the daylight hours (Gliwicz 1986; Buskey et al. 1989). Due to the attenuation of light 

through surface waters, they remain �hidden� from visual predators during the day while 

in these deep waters. 

Bioluminescence has also been reported as a predator-evasion technique utilized 

among copepod species (David and Conover 1961; Porter and Porter 1979; Buskey and 

Swift 1985). Copepods secrete a luminous material from their subcuticular glands into 

the surrounding water; however, the location of these subcuticular glands seems to be 

family-specific (Clarke et al. 1962; Barnes and Case 1972; Herring 1988; Bannister and 

Herring 1989; Bowlby and Case 1991). Several functions of bioluminescent displays 

have been proposed and described (Burkenroad 1943; Buck 1978; Morin 1983). 

Luminescent secretions may act as a decoy to distract a predator while the organism 

escapes (Buck 1978) or function as a predator-warning signal to other nearby copepods 

(Buskey and Swift 1985). Others have suggested that bioluminescent secretions among 
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plankton may act either as a �smoke screen� or a deterrent for predators (David and 

Conover 1961; Porter and Porter 1979). Bioluminescent secretions, such as those released 

by a copepod, may linger in the area, prompting the predator to attack the bioluminescent 

cloud. 

Copepods exhibit an escape reaction when exposed to appropriate photic, tactile, 

or hydrodynamic stimuli. During a typical mechanically stimulated escape reaction, the 

copepod responds within milliseconds by pulling its antennules towards their prosome to 

form a streamlined shape and performing synchronized power strokes with their 

swimming legs, the pereiopods (Alcaraz and Strickler 1988; Lenz et al. 2004). These 

power strokes propel the copepod forward several body lengths at velocities often 

exceeding 100 body lengths s-1 (Strickler 1975; Lenz and Hartline 1999; Buskey et al. 

2002). Escape reactions vary according to response latency, speed of response, threshold 

of response, and jump distance (Lenz et al. 2000; Buskey et al. 2002). These variations 

occur between species, but are also related to the strength of the stimulus (Yen et al. 

1992; Fields and Yen 1997). To ensure a successful escape, copepods need more than just 

the physical ability to avoid predators. They must also possess the sensory capability to 

remotely detect their predators. 

These adaptive behaviors have potential benefits for the copepod, yet anti-

predator behaviors are energetically costly. Vlymen (1970) estimated that copepods 

expend approximately 0.3% of basal metabolic rate during routine swimming. Using the 

conservative estimates proposed by Vlymen (1970), Strickler (1975) calculated that a 

copepod escape reaction consumes 400 times more energy than during normal routine 

swimming behavior. Vlymen�s energy value of 0.3% has been criticized by a number of 

scientists as being too low and values two orders of magnitude greater, 30 - 60% of basal 

metabolic rate, have been proposed as more realistic estimates of energy expenditure 
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during routine swimming (Klyashtorin and Yarzhombek 1973; Morris et al. 1985; 

Svetlichny and Kurbatov 1987). Using these adjusted energy values, copepod escape 

reactions could require greater amounts of energy than previously calculated by Strickler 

(1975). 

Copepod species must establish a balance between avoiding predators and 

minimizing the energetic expenditure and predatory risk of escape behavior. The 

efficiency of these anti-predator behaviors can be regulated by the copepod. To conserve 

energy and to avoid making an unnecessary escape reaction, copepod species display 

predator evasion techniques only when presented with a stimulus that falls above a 

certain �threshold� level (Fields and Yen 1996, 1997, 2002; Viitasalo et al. 1998; Kiørboe 

et al. 1999). This helps prevent copepods from exhibiting a costly escape reaction to 

environmental noise, which may increase their conspicuousness to visual predators. 

Copepod sensory neurons are also capable of habituation. If they are continually 

stimulated, as in a high-energy environment, the sensitivity threshold may rise, so they 

will not produce an energetically expensive reaction to an environmental signal (Fields 

and Yen 1997).  

SENSORY SYSTEMS AND NEUROPHYSIOLOGY 

Three types of sensory modalities have been identified within the calanoid 

copepods: photoreception, mechanoreception, and chemoreception. Generally, the 

photoreceptive organs of copepods consist of three pigment cups clustered together to 

form a nauplius eye which is incapable of forming images (Elofsson 1966; Martin et al. 

2000). This simple eye detects sudden changes in light intensity, such as shadows or 

flashes of light (Buskey and Swift 1983, 1985; Buskey et al. 1986, 1987; Buskey and 

Hartline 2003), which may aid in predator detection. They are also capable of detecting 

diel changes in light intensity, which provide cues for vertically migrating copepod 
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species. The rapid change in light intensity at dusk and dawn triggers the upward or 

downward movement, respectively, in nocturnally migrating copepod species. Detection 

of shadows may alert the copepod to the presence of a predator overhead during daylight 

hours, while a sudden flash of light during the night may signify the presence of a 

bioluminescent predator (Morin 1983; Buskey and Swift 1983, 1985; Buskey et al. 1986, 

1987) or the approach of a non-luminescent predator stimulating bioluminescence of 

another organism (Burkenroad 1943). Both types of photic stimulation are capable of 

triggering copepod escape reactions. Copepods are capable of detecting sudden changes 

in light intensity, yet may be unable to differentiate between the sources � either predator 

or prey � of these flashes. Therefore, bioluminescent dinoflagellates, a food source for 

copepods, could also benefit from the photophobic response of copepods (Buskey and 

Swift 1983, 1985). The flashes of light created by the dinoflagellate may be 

indistinguishable from those of a copepod predator and could provide the stimulus for 

initiating a photophobic response, thus disrupting the normal feeding behavior of the 

copepod. One can conclude that both biotic (predation) and abiotic (detection of day 

length) factors have guided the evolution of the photosensory system. 

The antennules function as the major sensory organ for detecting both mechanical 

and chemical stimuli by copepods (Gill and Crisp 1985; Gill 1986; Yen and Nicoll 1990; 

Kurbjeweit and Buccholz 1991; Yen et al. 1992; Bundy and Paffenhöfer 1993). 

Antennules are lined with sensilla, small hair-like structures innervated by sensory cells 

(Fig. 1.1; Yen and Nicoll 1990; Yen et al. 1992; Bundy and Paffenhöfer 1993; Weatherby 

et al. 1994; Lenz et al. 1996; Weatherby and Lenz 2000). Three types of sensilla have 

been described for calanoid copepods: exclusive chemoreceptors, exclusive 

mechanoreceptors, and bimodal chemo-/mechanoreceptors (Gill 1986; Kurbjeweit and 

Buchholz 1991; Weatherby et al. 1994; Lenz et al 1996; Paffenhöfer 1998). Chemical 
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cues in the water column are detected by primarily chemosensory sensilla, known as 

aesthetascs (Friedman and Strickler 1975; Poulet and Marsot 1978; Moore et al. 1999). 

Mechanoreceptive sensilla (setae) detect mechanical disturbances in the surrounding 

environment, such as fluid deformations and velocity changes (Strickler and Bal 1973; 

Yen et al. 1992). Setae have few innervating sensory cells, but numerous sensory cell 

innervations have been found within aesthetascs (Friedman 1980; Kurbjeweit and 

Buchholz 1991; Bundy and Paffenhöfer 1993; Weatherby et al. 1994; Lenz et al. 1996; 

Weatherby and Lenz 2000).  

Mechanoreception is the sensory modality responsible for triggering the 

behavioral responses of copepods to threatening stimuli, such as fluid disturbances 

caused by an approaching predator (Gill and Crisp 1985; Lenz and Hartline 1996; Fields 

and Yen 1997; Lenz and Hartline 1999; Buskey et al. 2002). Copepods can sense water 

disturbances on the scale of nanometers with velocities as low as 20 µm s-1 (Yen et al. 

1992; Lenz and Yen 1993; Hartline et al. 1996; Fields and Yen 1997) and are therefore 

capable of detecting even minute fluid disturbances caused by an approaching predator; 

however a stronger stimulus is necessary for triggering behavioral responses such as an 

escape reaction. 

Setae along the antennules are the primary mechanoreceptors in copepods 

(Strickler and Bal 1973; Gill 1986; Kurbjeweit and Buchholz 1991). Movement of setal 

hairs by small fluid disturbances within the ambient hydrodynamic regime triggers 

depolarization of sensory neurons innervating the setae (Yen et al. 1992; Gassie et al. 

1993; Weatherby and Lenz 2000). This depolarization initiates transmission of a nerve 

impulse from the sensory cells through the central nervous system to an interneuron and 

then on to the motor neurons that innervate the muscle (Park 1966; Lenz et al. 2000). The 
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motor neurons then stimulate the innervated muscles, which provide the physiological 

action associated with an escape reaction.   

Certain superfamilies from the Order Calanoida possess an additional 

physiological adaptation to enhance the escape reaction: myelin-like sheaths coating the 

axons of some recently evolved species (Davis et al. 1999; Lenz et al. 2000; Weatherby 

et al. 2000). Myelin sheaths are common among vertebrates, but rare among 

invertebrates. Copepod species from five major superfamilies, Augaptiloidea 

(Arietelloidea), Centropagoidea (Diaptomoidea), Megacalanoidea (Calanoidea), 

Eucalanoidea, and Clausocalanoidea have been examined for myelination (Fig. 1.2; 

Davis et al. 1999; Lenz et al. 2000; Weatherby et al. 2000). Copepod species from the 

two more primitive superfamilies, Augaptiloidea and Centropagoidea, offer no evidence 

for this myelination; however, myelin-like sheaths were found covering the axons of 

representative species of Megacalanoidea, Eucalanoidea and Clausocalanoidea 

representative species (Davis et al. 1999; Lenz et al. 2000; Weatherby et al. 2000). This 

pattern suggests that myelin would be present in the six more recently-evolved 

superfamilies and absent from the earlier superfamilies.    

Myelin is the lipid membrane found enveloping the exterior surfaces of vertebrate 

neurons. The myelin-like sheath found in copepods acts similarly to myelin by enhancing 

the speed of neural processes and possibly reducing response latencies (Lenz et al. 2000; 

Weatherby et al. 2000). Conduction speeds may be up to 10 times faster in myelinated 

neurons than in similarly sized non-myelinated neurons (Ritchie 1984). The speed of 

conduction can be further increased through the addition of layers in the sheath coating 

the axons or through the interruption of the sheath (Ritchie 1984; Weatherby et al. 2000). 

In vertebrates these interruptions (nodes of Ranvier) cover the circumference of the axon 
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(Ritchie 1984). Copepods have focal nodes in their myelin-like sheaths, which do not 

extend around the circumference of the axon (Davis et al. 1999; Weatherby et al. 2000).   

Evolution of traits such as myelination and optimal setal arrangement allows 

faster, more efficient processing and translation of sensory information into an escape 

response. The myelin-like sheaths coating copepod axons greatly increase response 

speeds, due to the rapid conduction of neural impulses. Although myelination does 

provide copepods with the ability to respond faster to threatening stimuli, it does not 

enhance all components of a successful escape response. As of yet, myelination can only 

be linked to one component: latency of response. This implies that even without 

myelination, copepods are capable of extraordinary speeds, > 800 body length s-1, and 

accelerations > 20 G during escape reactions (Buskey et al. 2002; Buskey and Hartline 

2003). 

PREDATOR-SPECIFIC ADAPTATIONS 

The research in this dissertation was designed to explore the basis for the success 

of calanoid copepods, specifically, the ecological significance of their escape reaction. 

Copepod escape success is not a singular event, but results from the integration of several 

behavioral and sensory components including response latency, speed, acceleration, jump 

distance, etc. These components differ among species, but also vary depending on the 

strength and duration of the applied stimulus. 

Copepod hydrodynamic sensitivity and escape performance were examined by 

exposing copepod species to two physically driven (artificial) hydrodynamic stimuli and 

two predators with different foraging tactics. The artificial hydrodynamic stimuli were 

used to quantify and compare the escape performance of copepods in response to 

consistent and repeatable stimuli.  A controlled hydrodynamic stimulus generated by the 

production of an acoustic signal was used to survey the escape performance of copepod 
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species from different marine habitats. A siphon-generated stimulus was used to establish 

the baseline sensitivity of specific copepod species and to quantify the differences in 

copepod escape behavior within turbulent and non-turbulent regimes. The predators 

chosen for these experiments differed in their methods of detecting, capturing, and 

handling prey. The predators included the ambush-entangling ctenophore, Mnemiopsis 

leidyi, and a visual vertebrate predator, the spinyhead blenny, Acantheblemaria spinosa. 

Escape success of the copepods was expected to depend on different combinations of 

escape response characteristics because of their different sensory abilities and the 

foraging tactics used by the predators. 

Some copepod predators employ passive prey-capture mechanisms. Ambush-

entangling predators, such as ctenophores and some cnidarians, often rely on the 

movement of their prey items to initiate encounters (Greene 1985; Waggett and Costello 

1999). Since these predators remain suspended virtually motionless in the water column, 

they may be difficult for swimming copepods to detect hydromechanically. Copepods 

often fail to exhibit escape behavior in response to entangling predators (Waggett and 

Costello 1999). Ctenophores are common and abundant organisms in the coastal Atlantic 

waters of the United States (Burrell and Van Engel 1976; Kremer 1979; Deason 1982; 

Deason and Smayda 1982; Kremer 1994; Purcell et al. 2001). They use two specialized 

capture surfaces: tentillae, and mucus-producing cells, colloblasts, lining the inner 

surfaces of their oral lobes (Waggett and Costello 1999). The continuous beating of their 

auricular cilia creates a low-velocity inward flow field which draws in non-motile prey 

and prey with low motility. The flow field may also contribute to a purported 

hydrocryptic movement of the ctenophore by countering the forward bow wave generated 

by swimming organisms. If the ctenophore remains undetected, mobile prey may swim 
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directly into the mucus coated oral lobes where they quickly become enmeshed and 

unable to escape.   

Many vertebrates, including small fish species and larval stages of larger fishes, 

rely on copepods as a major food source. Fishes possess advanced sensory systems 

including lensed eyes, a nasal rosette, complex inner ears and otoliths, and a lateral line 

capable of detecting hydrodynamic changes in displacement and pressure (Myrberg and 

Fuiman 2002; Fuiman et al. 2004). The spinyhead blenny, Acantheblemaria spinosa, is a 

small fish species that easily adapts to experimental analysis of predator-prey 

interactions. These blennies can normally be found living within the dead skeletons of 

coral reef structures (Clarke 1992). From this shelter, the blenny visually scans its 

surroundings in search of food. The blenny leaves the crevice only to dart out and attack 

planktonic prey items using suction. The blenny immediately returns to the crevice and 

begins a visual search for the next prey item. For this visual predator, the color and size 

of a prey item should significantly affect a copepod�s chance of survival. Small, nearly 

transparent organisms are more difficult to see; however, an erratic or jumpy swimming 

pattern can counteract this advantage (Ware 1973; Zaret 1980; Wright and O�Brien 1982; 

Buskey 1994; Yen and Strickler 1996). When challenged by the visually-foraging blenny, 

copepod escape success should depend on their ability to detect the approach of an 

attacking blenny (greater sensitivity) and to respond quickly to this approach (short 

latency). Since the copepod must jump away from the predator and out of the attack path, 

the direction and speed of the escape response should also significantly affect the 

outcome of the interaction. In avoiding capture by flow-generating predators, copepods 

would benefit most from having a low sensitivity threshold, so they would be able to 

detect the flow field. Latency and speed of response are not expected to be important 
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components. Ctenophores also have large surface areas where capture may occur, and for 

this reason, the direction of response should be an important variable.  

Research was conducted to test these predictions. Each component of the escape 

response was evaluated and a profile of its relative importance was developed for each 

predator type. This research helps explain how these components are integrated to create 

successful escape reactions for diverse predators. Results suggest that certain copepod 

species may have co-evolved with particular predators. Differences among species� 

ability to detect and avoid specific predators may explain the evolutionary success of so 

many copepod species.  
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 Figure 1.1. Photomicrographs of the antennules from (A) Temora turbinata and (B) 
Paracalanus parvus.  
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Figure 1.2.  Phylogeny of the Order Calanoida showing superfamilies using the 
nomenclature of Andronov (1974) and Park 1986 (modified from Park 
1986; Lenz et al. 2000; Bradford-Grieve 2002; and the Pacific Biomedical 
Research Centre, University of Hawaii at Manoa website: 
www.pbrc.hawaii.edu/~lucifer/ gifs/copepod-taxo-evol.gif). Dashed line 
indicates non-myelinated superfamilies and solid line indicates myelinated 
superfamilies.  
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Chapter 2: Escape reaction performance of myelinated and non-
myelinated calanoid copepods  

ABSTRACT 

Predation pressure on calanoid copepods varies among the diverse habitats they 

occupy, selecting for copepods with different anatomical and behavioral traits. Calanoid 

copepods from seven families in three superfamilies from estuarine, neritic and oceanic 

habitats were exposed to a controlled near-field hydrodynamic stimulus and their escape 

reactions were recorded using high-speed videographic techniques. Myelinated axons 

have been found in certain species of the more recently-evolved calanoid superfamilies.  

Copepod representatives from these superfamilies were expected to have shorter response 

latencies than species from more ancestral superfamilies due to the increased conduction 

speed of nerve impulses in myelinated neurons. Using frame-by-frame playback and 

computerized motion analysis techniques, response latency, jump speed, and acceleration 

were measured. Kinetic performance of copepods was highly variable, with mean escape 

speeds ranging between 100 � 250 mm s-1 and accelerations of 49 � 230 m s-2. Minimum 

behavioral response latencies of 2 ms were recorded for both myelinated and non-

myelinated calanoids. The shortest mean response latency of 3.20 ± 0.20 ms was 

recorded for the myelinated Mesocalanus tenuicornis. There was no significant 

difference between the response latencies of copepods from the myelinated and non-

myelinated superfamilies. Furthermore, no relationships were found between copepod 

latency and size for either myelinated or non-myelinated species. Although previous 

research may suggest that myelin may shorten the response latencies of certain calanoid 

species, non-myelinated copepods are also capable of responding rapidly, within as few 

as 2 ms, to hydrodynamic stimuli and produce similar kinetic performance to myelinated 

species. 
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INTRODUCTION 

Despite being preyed upon by a wide variety of predators equipped with diverse 

foraging techniques, calanoid copepods remain one of the most abundant metazoans 

within the aquatic world. Copepods have evolved several behavioral and physiological 

traits to enhance their survival, including an extraordinary escape reaction (Strickler 

1975; Lenz and Hartline 1999; Buskey et al. 2002). The escape reaction is a rapid 

response to a threatening stimulus, such as the hydrodynamic disturbance caused by an 

approaching predator. It is produced by the sequential power strokes of their swimming 

legs, and may be repeated several times, propelling the copepod forward at high speeds 

(Stickler 1975; Lenz and Hartline 1999; Buskey et al. 2002; Lenz et al. 2004). 

Examination of the escape kinetics of several coastal copepod species has revealed a suite 

of extraordinary features. Copepods display some of the fastest reaction times among 

organisms, reacting within as few as 2 ms with accelerations of up to 30 G�s (Lenz et al. 

2000; Buskey et al. 2002; Buskey and Hartline 2003). They reach speeds of up to 800 

body lengths per second, indicating that copepods are one of the fastest organisms for 

their size (Buskey et al. 2002; Buskey and Hartline 2003).   

Sensory and physiological specializations allow faster and more efficient escape 

reaction. For example, myelin-like sheaths have been found coating the nerve fibers of 

calanoid copepods from the more recently evolved superfamilies, Megacalanoidea 

(Calanoidea), Eucalanoidea, and Clausocalanoidea (Davis et al. 1999; Lenz et al. 2000). 

Myelination insulates neurons from extracellular electrical signals and increases 

conduction speed of neural impulses by a factor of approximately 10 (Ritchie 1984). 

Myelination should provide a greater benefit to larger species where a nerve impulse 

must travel a longer distance.  



 16

There have been few studies to characterize the kinetics of free-swimming 

copepod escape reactions. Lenz and Hartline (1999) and Lenz et al. (2000) exposed 

tethered copepods to the computer-controlled vertical movement of a small sphere, and 

measured the force production of their response. This method provides accurate 

measurement of the behavioral response latency to a reproducible stimulus; however, the 

tethering restrains the copepod�s escape jump and introduces artifacts to the interactions 

between the copepod and the surrounding fluid by altering the boundary layer, increasing 

the velocity of feeding currents and causing greater variability in their swimming 

behavior (Hwang et al. 1993; Bundy and Paffenhöfer 1996). Buskey et al. (2002) used 

high-speed video (1000 frames per second) to record the complete behavioral response of 

free-swimming Acartia spp. to a hydrodynamic stimulus similar to that used by Lenz and 

Hartline (1999) and Lenz et al. (2000), the computer-controlled movement of a small 

cylinder. This method allows analysis of the kinetic performance (speed, acceleration) 

but temporal resolution only on the scale of milliseconds while measuring force 

production of tethered copepods has a temporal resolution of 25 µs (Lenz and Hartline 

1999). 

Copepod escape success results from several variables including response latency, 

jump strength, direction, speed and acceleration. The optimum combination of these traits 

may differ with the type of predator. To better understand the scope of copepod escape 

capacities, I surveyed a diverse selection of calanoid copepods, including copepods from 

myelinated and non-myelinated superfamilies from estuarine, near-shore and offshore 

waters, and characterized the kinetics of their escape reactions to a controlled 

hydrodynamic stimulus. I investigated the hypotheses that: (1) copepods possessing 

myelinated axons should display shortened reaction times when exposed to 

hydrodynamic stimuli, due to the increased conduction speed of their nerve impulses, and 
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(2) myelination should provide a greater benefit in larger species where a nerve impulse 

must travel over a longer distance. 

MATERIALS AND METHODS 

Animal Collection  

Calanoid species in this survey belonged to five superfamilies and nine families 

and were sampled from neritic habitats (Table 2.1). The estuarine and near-shore calanoid 

species, Paracalanus parvus, Temora turbinata, Centropages typicus, Subeucalanus 

pileatus, and Pontella marplatensis, were collected from The University of Texas Marine 

Science Institute pier (27° 50.3� N, 97° 03.1º� W) located on the Aransas Ship Channel. 

A 0.5-m diameter 153-µm mesh net was held within the current of an incoming or 

outgoing tide for a period of 10 min. Copepod species were also sampled from waters 

near the Smithsonian Institution�s Caribbean Coral Reef Ecosystem (CCRE) laboratory 

on Carrie Bow Cay (16° 48� N, 88° 05� W) in Belize. Because of the proximity of this 

site to deeper waters, some copepods more characteristic of coral reef and offshore 

environments were captured including the calanoid species Mesocalanus tenuicornis, 

Acartia spinata, Centropages furcatus, Pontella sp., and Pontellopsis brevis. A 0.25-m 

diameter 153-µm mesh net was anchored on the north side of the Carrie Bow Cay and 

allowed to stream in current for periods up to 30 min. Following each tow, contents of the 

cod end were emptied into a plastic bucket containing whole sea water and returned to 

the laboratory for live sorting. Copepod species were sorted from the plankton under a 

dissecting microscope using a wide bore Pasteur pipette and identified using illustrated 

keys by Bradford-Grieve et al. (1999) and Owre and Foyo (1967). 

Copepod species from the superfamilies Megacalanoidea (Calanoidea), 

Eucalanoidea, and Clausocalanoidea were considered to be myelinated, since Lenz et al. 
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(2000) found myelin-like sheaths among copepods from these superfamilies. The 

findings of Lenz et al. (2000) suggest that myelination is absent from the superfamilies 

Centropagoidea (Diaptomoidea) and Augaptiloidea (Arietelloidea). Species sampled from 

these superfamilies were assumed to be non-myelinated. 

Stimulus Production 

A 1-ms single sine wave pulse was produced by a Philips PM 5712 signal 

generator, amplified by an RCA SA-155 integrated stereo amplifier and then sent to an 

8.9-cm diameter dual cone audio speaker. A sheet of clear acrylic plastic covered the 

speaker and the experimental chamber rested atop the plastic sheet. Production of the 

pulse by the signal generator triggered recording by the high-speed video camera Redlake 

MotionMeter® model 1140-0003 equipped with a Nikon Nikkor 55-mm  lens at 1000 

frames per second (FPS), allowing 1-ms resolution of copepod movements over a 2-s 

period. To compensate for the shortened exposure time of the high-speed video camera 

and to increase the light available for imaging, a ring of near-field infrared light-emitting 

diodes provided dark-field illumination for the experiments. The high-speed recordings 

with a field of view of approximately 12 x 5 mm were then played back at 30 FPS and 

recorded by a videocassette recorder.  

Escape Behavior 

Calanoid species were separated into batches of 10 - 30 individuals and added to 

the experimental chamber. For experiments conducted at The University of Texas Marine 

Science Institute in Port Aransas, Texas, a 70-ml  clear acrylic plastic container (4.0 x 2.3 

x 8.0-cm) was used as the experimental chamber, while a 60-ml Corning tissue culture 

flask (5.0 x 2.5 x 5.0-cm) was used during experiments at CCRE in Belize. Copepods 

were allowed 10 min to acclimate to experimental conditionals. Each group of copepods 
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was exposed to the hydrodynamic stimulus several times (3 � 10) and their escape 

behavior was recorded via the high-speed camera. A time interval of at least 2 min. was 

maintained between stimulus presentations and no habituation of the copepods was 

observed. 

Video Analysis 

Response latency, defined as the period of time between the onset of the stimulus 

and the detection of forward propulsion by the copepod, was measured from the video 

recording for each responding individual immediately after the experiment. Further video 

analysis was performed in the laboratory at the Marine Science Institute via video-

computer motion analysis techniques. High-speed video recordings of escape jumps were 

played through a Motion Analysis VP-110 video-to-digital processor. Digitized outlines 

of observed copepods were then sent to a computer at a sampling rate of 30 FPS. The 

video-computer motion analysis system ExpertVision Cell-Trak processed these digitized 

images and calculated the swimming path, speed (mm s-1), and acceleration (m s-2) for 

each of the observed copepods escape reactions. For every 10 copepods in the set, one 

escape reaction was analyzed for kinetic performance. The first recorded escape 

reaction(s) were used for analysis. To qualify as an escape reaction (as opposed to a 

normal �hop�), maximum speeds had to exceed 100 mm s-1 and average speeds had to 

exceed 70 mm s-1. 

SigmaStat software (v. 3.0) was used for statistical analysis. Intraspecific 

comparisons of kinetic performance were made using Kruskal-Wallis one way analysis of 

variance (ANOVA). 
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RESULTS 

Response Latencies 

Documented latencies of previously studied calanoids (Lenz and Hartline 1999; 

Lenz et al. 2000; Buskey et al. 2002; Gemmell unpublished data) suggest that for a given 

size, non-myelinated species have longer response latencies (Fig. 2.1). Lenz and Hartline 

(1999) and Lenz et al. (2000) utilized tethered copepods to measure the force production 

and response latency of stimulated copepods. Linear regression showed a significant 

trend among both myelinated (P = 0.02) and non-myelinated copepods (P = 0.01). With 

increasing size, both copepod groups showed an increase in response latencies (Fig. 2.1).   

In the present study, free-swimming copepods were examined and the behavioral 

response latency was defined as the initiation of movement (retraction of antennules or 

reorientation) by the copepod. Response latencies were determined for three myelinated 

species (Fig. 2.2) and six non-myelinated species (Fig. 2.3). Most species had a relatively 

small range of response latencies, but Subeucalanus pileatus displayed a somewhat larger 

bimodal pattern with responses occurring at short and longer latencies (Fig. 2.2C). 

Temora turbinata had the largest range of latencies, responding between 4 � 46 ms (Fig. 

2.3F). No significant trends were found between response latencies and size for surveyed 

myelinated (P = 0.26) and non-myelinated (P = 0.64) copepod species (Fig. 2.4A). When 

combined with published data for calanoid copepods (Fig. 2.4B), there was no significant 

relationship between response latency and size for either myelinated (P = 0.25) or non-

myelinated (P = 0.88) copepod species (Fig. 2.4B). Further, myelinated copepods and 

non-myelinated copepods were not significantly different (Mann-Whitney rank sum test, 

P = 0.20). 

Statistical analysis of response latencies of the myelinated species from the 

current study alone indicated significant differences between species (Kruskal-Wallis 



 21

one-way ANOVA, P ≤ 0.005), with Subeucalanus pileatus responding significantly 

slower (longer latency) than either Paracalanus parvus or Mesocalanus tenuicornis. 

Significant differences were also found among the non-myelinated species (Kruskal-

Wallis one-way ANOVA, P ≤ 0.005), with all species responding faster than Temora 

turbinata (21.10 ± 2.79 ms).  

Kinetics of Escape Behavior 

Mean escape speeds for all calanoid species tested ranged from 102 to 256 mm s-

1. Temora turbinata and Centropages furcatus exhibited the lowest mean escape speeds 

(102.26 ± 5.57 and 114.70 ± 16.29 mm s-1, respectively) and the lowest maximum escape 

speeds (215.06 ± 54.97, and 208.43 ± 16.70 mm s-1, respectively). Subeucalanus pileatus 

and Pontella marplatensis exhibited the greatest mean escape speeds (Fig. 2.5; 256.30 ± 

25.10 and 243.19 ± 93.87 mm s-1, respectively) and the greatest maximum escape speeds 

(Fig. 2.6; 452.95 ± 32.25 and 476.88 ± 172.05 mm s-1, respectively). Significant 

differences were found among the mean escape speeds (Kruskal-Wallis one way 

ANOVA, P ≤ 0.005) and maximum escape speeds (Kruskal-Wallis one way ANOVA, P 

≤ 0.005). 

Both mean (P = 0.02) and maximum (P = 0.03) escape speeds increased with 

prosome length (Fig. 2.5; 2.6). For myelinated species, mean (P = 0.55) and maximum (P 

= 0.62) escape speeds were not related to body size. Non-myelinated species, however, 

showed a significant increase in mean (P = 0.01) and maximum (P = 0.01) escape speeds 

as size increased (Fig. 2.5; 2.6). No significant differences between myelinated and non-

myelinated species were found when comparing the maximum escape accelerations of 

the surveyed species (Fig. 2.7; Kruskal-Wallis one way ANOVA, P = 0.10). Also, there 

was no relationship between escape acceleration and copepod size for either myelinated 

(P = 0.74) or non-myelinated (P = 0.46) copepods. 
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DISCUSSION 

Minimum response latencies as low as 2 ms have been recorded for non-

myelinated species and their average response latencies are comparable to similarly-sized 

myelinated species. For example, response latencies were comparable for the non-

myelinated Acartia tonsa (0.8 mm prosome length; 3.5 ms latency) and the myelinated 

Paracalanus parvus (0.7 mm; 3.3 ms) as well as for the larger non-myelinated Pontella 

sp. (1.7 and 2.0 mm; 3 and 3.3 ms) and the myelinated Undinula vulgaris and 

Neocalanus gracilis (2.2 and 2.3 mm; 1.9 and 1.9 ms, respectively). Copepod size, 

however, does appear to have an effect on kinetic performance. Copepod escape speeds 

increased with body size (Fig. 2.5 � 2.7). The enhanced kinetic performance of the larger 

copepods may compensate for the increased conspicuousness attributable to their size. 

Larger copepods reached greater average and maximum escape speeds (mm s-1) than 

smaller copepods; however, on a size-specific basis, smaller copepods achieved greater 

speeds. 

Escape response characteristics were highly variable among species. The absence 

of difference between myelinated and non-myelinated species and the lack of relationship 

between latency and size may be due to unusual responses. Two species, Subeucalanus 

pileatus and Temora turbinata, had significantly higher response latencies than their 

myelinated and non-myelinated counterparts, suggesting that the chosen stimulus 

activated multiple neural pathways for initiating an escape reaction (Fig. 2.4A, B). The 

wide range of latencies strongly influenced the statistical results. Further, T. turbinata did 

not respond consistently to the stimulus and its response latency range (4 to 46 ms) was 

much wider than that recorded for all other observed species.  

Copepods exhibit escape reactions only to those hydrodynamic stimuli that 

exceed a certain threshold level and this threshold varies among species (Fields and Yen 
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1996, 1997; Kiørboe et al. 1999). A consistent stimulus was used throughout this study 

and was assumed to be above the threshold of all sampled copepods. Interspecific 

variability in response threshold may also have influenced the range and pattern of 

response latencies observed in this study. 

Copepods have evolved several physical and behavioral traits to avoid detection 

and consumption by predators. These traits include a cryptic appearance, diel vertical 

migration, swarming, bioluminescence, and rapid escape reactions. Copepods from 

specific superfamilies are generally associated with characteristic habitats (Table 2.1; 

Park 1986). Members of the Augaptiloidea are commonly associated with deep sea 

environments and often have extensive diel vertical migration patterns. This may explain 

the relatively long response latencies found for Pleuromamma xiphias (Augaptiloidea). 

Since they live in deeper waters and undergo diel vertical migration to avoid surface-

dwelling visual predators, shortened response latencies are not vital. Myelinated and non-

myelinated copepods may also coexist within specific habitats. In this survey, non-

myelinated copepods from the superfamily Centropagoidea and myelinated copepod 

species from the superfamily Megacalanoidea were sampled from similar epipelagic 

habitats and their response latencies were comparable and much shorter than those found 

for P. xiphias. These results emphasize the likely importance of short reaction times for 

copepods residing in well-lit surface waters that are more vulnerable to predation by 

visual predators. 

The majority of calanoid copepods fall into the four superfamilies: 

Clausocalanoidea, Megacalanoidea (Calanoidea), Augaptiloidea (Arietelloidea), and 

Centropagoidea (Diaptomoidea) (Park 1986; Bradford-Grieve 2002). Lenz et al. (2000) 

measured force production and examined the axonal structure of the first antennae of 

calanoid copepods from across the superfamilies. The more primitive superfamilies, 
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Augaptiloidea and Centropagoidea, are equipped with giant antennal mechanoreceptors 

(GAMs) that innervate setae in the distal tip of each antennule (Hartline et al. 1996; Lenz 

et al. 2000). Thus, these copepods possess at least two axons that are larger than others in 

the antennules (Lenz et al. 2000). GAMs allow high velocity nerve propagation which 

decrease response latencies (Hartline et al. 1996). Giant axons are a common adaptation 

among invertebrates that facilitate rapid escape reactions to threatening stimuli. 

Although myelination may be advantageous for certain copepod species, it is not 

necessary for survival. GAMs may provide a sufficient increase in nerve impulse 

conduction speed to facilitate rapid response latencies to hydrodynamic stimuli. Further, 

response latency is only one component of the escape reaction and other kinetic and 

behavioral variables contribute to escape success. The species examined in the present 

study exhibited different escape reactions to a common stimulus and their performance 

also varied (Figs. 2.5 � 2.7). These variations may promote the coexistence of so many 

copepod species. 
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Table 2.1.   Taxonomic classification of previously documented (� - Lenz and Hartline 
1999; � - Lenz et al. 2000; * - Buskey et al. 2002; § - Gemmell, unpublished 
data) and currently surveyed copepod species and their associated habitats 
using the nomenclature of Andronov (1974) and Park (1986).  This table is 
modified after Bradford-Grieve et al. (1999).  

 Superfamily Family Species Habitat 

Augaptiloidea 
(Arietelloidea) 

Metridinidae Pleuromamma xiphias� Oceanic; Mesopelagic; 
Widespread 

Centropagoidea 
(Diaptomoidea) 

Acartiidae Acartia tonsa* 

Acartia lilljeborgii* 

Acartia spinata 

Estuarine; Neritic 

Estuarine; Neritic 

 

 Centropagidae Centropages typicus 
 
Centropages furcatus 

Neritic � Oceanic; 
Epipelagic; Widespread 

Neritic � Oceanic; 
Epipelagic; Widespread 

 Pontellidae Pontella marplatensis 

Pontella sp. 

Pontellopsis brevis 

Labidocera madurae� 

Oceanic; Neustonic 

Neritic � Oceanic; Neustonic 

Oceanic; Neustonic 

Neritic; Neustonic 

 Temoridae Temora turbinata Neritic � Oceanic; 
Epipelagic; Widespread 

Megacalanoidea 
(Calanoidea) 

Calanidae Undinula vulgaris�� 

Mesocalanus tenuicornis 

Neocalanus gracilis� 

Neritic; Widespread 

Oceanic; Epipelagic 

Oceanic; Epipelagic 

 Paracalanidae Paracalanus parvus Neritic � Oceanic; 
Epipelagic; Widespread 

Eucalanoidea Eucalanidae Subeucalanus pileatus Oceanic; Epipelagic 
Clausocalanoidea Euchaetidae Euchaeta elongata§ Oceanic; Epi - Mesopelagic 
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Figure 2.1.  Documented latencies of myelinated (bold numbers) and non-myelinated 
copepod species (letters) (� - Lenz and Hartline 1999; � - Lenz et al. 2000; * 
- Buskey et al. 2002; Φ - Gemmell, unpublished data using the acoustically 
driven movement of a vertically oriented plastic sphere). 
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Figure 2.2. Histograms of response latencies for calanoid copepods from myelinated 
superfamilies: (A) Paracalanus parvus, (B) Mesocalanus tenuicornis, and 
(C) Subeucalanus pileatus. 
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Figure 2.3.  Histograms of response latencies for calanoid copepods from non-
myelinated superfamilies: (A) Acartia spinata, (B) Centropages typicus, (C) 
Centropages furcatus, (D) Pontella marplatensis, (E) Pontella sp. and 
Pontellopsis brevis, and (F) Temora turbinata.  Note the change in x-axis 
scale for T. turbinata. 
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Figure 2.4.  Average response latencies of myelinated (dark circles) and non-myelinated 
copepods (gray triangles) (A) from the current study and (B) from both the 
current study and published values (Lenz and Hartline 1999; Lenz et al. 
2000; Buskey et al. 2002; Gemmell, unpublished data). 
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Figure 2.5. Mean escape speeds of myelinated (dark circles) and non-myelinated 
copepods (gray triangles) arranged in order of size.  
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Figure 2.6. Maximum escape speeds of myelinated (dark circles) and non-myelinated 
copepods (gray triangles) arranged in order of size.  
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Figure 2.7. Maximum escape accelerations of myelinated (dark circles) and non-
myelinated copepods (gray triangles) arranged in order of size.  
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Chapter 3: Copepod escape behavior in non-turbulent and turbulent 
hydrodynamic regimes 

ABSTRACT 

 Copepods respond to velocity gradients in the ambient fluid generated by the 

movement of nearby predators. Escape behavior of several species in response to 

hydrodynamic stimuli has been analyzed under non-turbulent conditions; however, 

copepods normally experience a flowing or turbulent environment. Three neritic species 

(Acartia tonsa, Paracalanus parvus and Temora turbinata) were exposed to a siphon-

generated flow field under both non-turbulent and turbulent conditions. A. tonsa had a 

significantly greater sensitivity to the flow field, responding to deformation rates of 2.02 

± 0.82 s-1, while deformation rates of 5.98 ± 0.82 and 10.01 ± 2.66 s-1 were required to 

elicit escape behavior in P. parvus and T. turbinata, respectively. Turbulent conditions 

reduced the reactive distances of A. tonsa, indicating that higher deformation rates were 

required to elicit escape responses. Escape behavior was stimulated most often when the 

anterior end of the copepod was closest to the siphon regardless of hydrodynamic 

conditions. Copepod jump distances in response to the siphon-generated flow field were 

> 6.8 mm and were not significantly different under non-turbulent and turbulent 

conditions. Deformation thresholds varied among copepods from different habitats and 

were higher than values published for cultured copepods.  

INTRODUCTION 

As dominant members of mesozooplankton communities, copepods are preyed 

upon by a diverse array of predators, from ambush-entangling gelatinous zooplankton to 

cruising suction-feeding larval and adult fishes. To successfully escape predatory attacks, 

copepods use mechanoreception to detect minute hydrodynamic disturbances generated 
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by approaching predators and employ rapid escape responses to avoid capture. During a 

typical escape response, a copepod reacts within milliseconds (Lenz and Hartline 1999; 

Lenz et al. 2000; Buskey et al. 2002) and propels itself forward at speeds > 100 body 

lengths (bl) s-1, with accelerations often exceeding 100 m s-2 (Strickler 1975; Buskey et 

al. 2002).   

Hydrodynamic disturbances are detected by innervated setae on the first antennae 

(Yen and Nicoll 1990; Yen et al. 1992; Bundy and Paffenhöfer 1993; Lenz et al. 1996; 

Weatherby and Lenz 2000). Velocity gradients adjacent to the copepod bend the setae. 

When sufficient bending occurs, neurophysiological signals are generated through the 

depolarization of innervating neurons (Gassie et al. 1993; Lenz and Yen 1993; Lenz et al. 

2000; Fields et al. 2002). The resulting nerve impulse triggers a motor response in the 

form of an escape reaction.  

Several experiments have been performed and theoretical models developed to 

identify the specific component of fluid flow that is responsible for triggering copepod 

escape behavior (Fields and Yen 1996, 1997; Viitasalo et al. 1998; Kiørboe and Visser 

1999; Kiørboe et al. 1999). Fields and Yen (1996) were able to spatially separate the 

components of the siphon flow field (speed, acceleration, and shear). Their results 

suggested that changes in fluid shear trigger copepod escape behavior. It was later 

suggested that the conclusions of Fields and Yen (1996, 1997) were situation-specific and 

that deformation rate, rather than fluid shear, serves as the primary trigger for copepod 

escape reactions (Viitasalo et al. 1998; Kiørboe and Visser 1999; Kiørboe et al. 1999).  

Previous experiments that have examined the components of copepod escape 

behavior, (e.g., reactive distance, jump distance, orientation, speed) were conducted 

under non-turbulent water conditions; however, these conditions are rarely experienced 

by copepods in nature. In the current study, escape behavior of three wild-caught, co-
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occurring species was analyzed under non-turbulent and turbulent hydrodynamic 

conditions. Copepods were exposed to a siphon-generated flow field similar to those used 

by Fields and Yen (1996, 1997), Viitasalo et al. (1998), and Kiørboe et al. (1999), and the 

copepod�s response under non-turbulent conditions was used as a baseline for comparing 

their sensitivities. It was hypothesized that components of copepod escape behavior, 

including reactive distance, jump distance, and jump direction, would vary depending on 

the hydrodynamic condition.  

MATERIALS AND METHODS 

Animal Collection  

Copepods were collected from The University of Texas Marine Science Institute 

pier (27° 50.3� N, 97° 03.1� W) by holding a 0.25-m diameter 153-µm mesh plankton net 

within the stream of an incoming or outgoing tide for a period of approximately 10 min. 

Contents of the cod end were diluted into a bucket of whole sea water and returned to the 

laboratory for sorting. A small plastic ladle was used to scoop plankton from the bucket. 

Zooplankton were examined under a dissecting microscope. Selected copepod species 

were sorted from the rest of the plankton with a wide bore Pasteur pipette, and individual 

copepods were examined at 50-x magnification to ensure that only healthy copepods with 

intact first antennae were chosen for experimentation. Three species of similar size but 

differing swimming pattern, Acartia tonsa, Paracalanus parvus and Temora turbinata, 

were used during experiments in a non-turbulent hydrodynamic condition. P. parvus and 

T. turbinata were also used for experiments in a turbulent hydrodynamic regime. 

Copepod species were separated and isolated in 50-ml beakers filled with 0.2-µm 

porosity filtered sea water. 
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Siphon Flow Field in a Non-turbulent Regime 

The siphon was made by heating the middle region of a pipette tip (0.07 cm inner 

diameter) of a Chase Scientific Monstr-pette and bending it to a 90û angle. The pipette 

was then lowered into a 9.1 x 5.0 x 9.7-cm clear acrylic plastic chamber filled to a height 

of 7.5 cm with 0.2-µm porosity filtered sea water. Tubing connected to the pipette 

allowed continuous siphoning of water from the chamber into a beaker filled with 800 ml 

of 0.2-µm porosity filtered sea water. To maintain a constant water level and head 

pressure, a peristaltic pump (Masterflex model 7553-30) returned this water to the system 

via 0.64-cm diameter flexible tubing. The tubing was inserted into a 2.0-cm diameter 

PVC pipe with 20-µm mesh attached to one end. The screened end was kept submerged 

within the chamber to minimize disturbances to the siphon-generated flow field. The 

strength of the flow field remained constant throughout the experiments. A Lasiris, Inc. 

laser sheet (model 20501003), with a wavelength of 670 nm and power output < 5 mW 

was aligned vertically above the chamber to illuminate the area parallel to and directly in 

front of the siphon tip. 

Experiments were run with ca. 50 individuals of one species and copepods were 

given an acclimation period of at least 10 min to adjust to the experimental conditions. 

Copepods in each experiment were exposed to the siphon flow for 20 min and their 

escape behavior was recorded with a Cohu camera equipped with a Nikon Nikkor 55-mm 

lens using standard NTSC video. Experiments were replicated five times for Acartia 

tonsa, six times for Paracalanus parvus, and eight times for Temora turbinata, in order 

to observe at least 25 escape reactions per species.  

Siphon Flow Field in a Turbulent Regime 

The siphon apparatus was modified by substituting a larger experimental chamber 

to generate a turbulent hydrodynamic regime. The larger chamber was a 20.5 x 10.0 x 
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15.0-cm clear acrylic plastic chamber. A 1.0 x 6.0 x 5.5-cm plastic grid with 1.1-cm2 

openings was positioned vertically inside the chamber along the length. A small motor 

moved the grid back and forth, oscillating between 6 and 8 cm from the siphon tip, at a 

frequency of 0.8 Hz to generate turbulence. The steady state root-mean-square (r.m.s.) 

turbulent velocity was calculated to be 0.08 cm s-1, using the equation from Hopfinger 

and Toly (1978): 

   u = 0.25 · f · S1.5 · M0.5 · z-1       (1)  

where S is grid stroke (cm), f is frequency of oscillation (s-1), M is mesh size of the grid 

(cm2) and z is the mean distance from the grid to the siphon tip (cm). 

 The chamber was filled with approximately 2 L of 0.2-µm porosity filtered sea 

water. During each experiment, > 100 copepods of a single species were added to the 

chamber and the motor was turned on to generate turbulence. After 10 min of 

acclimation, copepod behavior near the siphon was recorded for 30 min. The laser sheet 

was positioned in the field of view directly above and parallel to the pipette tip to provide 

illumination. Experiments were replicated six times for Paracalanus parvus and seven 

times for Temora turbinata, in order to observe approximately 50 escape reactions per 

species. 

Flow Field Calibration 

Following the method described by Fields and Yen (1996, 1997), low densities of 

neutrally buoyant particles, hydrated Artemia salina cysts, were added to each 

experimental chamber and particle movements were recorded for 30 min. Video 

recordings were played through a Motion Analysis VP-110 video-to-digital processor 

which digitized the outlines of the cysts and sent the information to a computer at a 

sampling rate of 30 frames per second (FPS). ExpertVision Cell-Trak software was used 

to process the digitized outlines of the particles and calculate their tracks, speeds, and 
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accelerations. Position and speed data were then analyzed using Surfer® v. 8, to create 

contour plots of the flow speeds surrounding the mouth of the pipette in both the non-

turbulent and turbulent hydrodynamic regimes.  

Copepod Sensitivity to Siphon Flow Fields 

The location of copepod escape reactions relative to the water deformation near 

the siphon was determined using the computerized image analysis system, Nikon 

Metavue®. Video segments including a copepod escape reaction were acquired from 

standard VHS video and converted to digital format. Measurements of escape responses 

included: (1) reactive distance from the siphon tip (the linear distance between the center 

of the siphon mouth and the center of the copepod�s body) in the video frame 

immediately prior to the escape reaction; (2) orientation prior to escape reaction; (3) 

distance of the escape jump; and (4) initial angle of the escape jump (jump direction). 

One escape reaction was measured for every ten copepods in the chamber. Analysis was 

limited to copepods swimming parallel to the siphon tip within the vertical plane 

illuminated by the laser sheet. Only the first escape jump, consisting of one to several 

uninterrupted thrusts of their pereiopods, was examined for each observed copepod.  

Locations of copepod escape reactions were mapped in relation to the pipette tip 

by plotting the (x, y) coordinates at the beginning of the escape response on the speed 

contour graphs for both turbulent and non-turbulent regimes to better visualize the flow 

regime that elicited escape reactions. Calculations of deformation rate and signal strength 

were made using the assumption that the siphon apparatus created a radially symmetric 

flow field. The response threshold for each species was estimated as the maximum 

deformation rate, ∆ (s-1), along the radial axis, using the equation presented by Kiørboe et 

al. (1999): 
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∆ =           (2) 
 

where r (in cm) is the measured copepod reactive distance from the mouth of the siphon 

and Q is the volume flow (cm3 s-1), a function of the average velocity at the entry of the 

siphon and the cross-sectional area of the siphon mouth (Munson et al. 1990). Signal 

strength, S∆ (cm s-1), is defined as the velocity difference between a responding copepod 

and the surrounding fluid (Kiørboe et al. 1999). The signal strength due to fluid 

deformation was calculated from the deformation rate with an additional equation from 

Kiørboe et al (1999):  

    S∆ = ∆ · L           (3) 

where L is half the prosome length (in cm) of the responding copepod. 

Statistical analyses were performed with SigmaStat software (v. 3.0). Within the 

non-turbulent regime, interspecific comparisons of reactive distances, jump distance, 

initial jump angle, and orientation prior to escape reaction were made using Kruskal-

Wallis one way analysis of variance (ANOVA) with pairwise multiple comparisons using 

Dunn�s Method. Only two species, Paracalanus parvus and Temora turbinata, were 

exposed to the siphon within a turbulent hydrodynamic regime. Mann-Whitney rank sum 

tests were used to compare the escape reaction components of the two species and to 

make intraspecific comparisons of the response to the siphon stimulus in the two 

hydrodynamic regimes. Circular statistics were calculated using Oriana software (v. 2.02) 

and the Mardia-Watson-Wheeler tests and Watson�s U2 tests for significance. 

RESULTS 

Siphon Flow Field 

Volume flow, Q, from the siphon was 0.5 ± 0.03 ml s-1 (mean ± standard 

deviation) in both hydrodynamic regimes. The flow field generated by the siphon in the 

 Q   
2πr3
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absence of turbulence was nearly symmetrical, with maximum velocities of 30 mm s-1 at 

the siphon tip (Fig. 3.1). Under turbulent conditions, water velocity also increased closer 

the siphon tip (Fig. 3.2) with maximum velocities of 20 mm s-1; however, turbulence also 

created several regions where velocities exceed 5 mm s-1 at distances > 4 mm from the 

siphon tip (Fig. 3.2). These regions were not present in the non-turbulent regime (Fig. 

3.1). Because velocities are continually changing throughout the experimental chamber in 

the turbulent regime, the contour plot under turbulent conditions is a composite of 

velocity data. 

Copepod Sensitivity to Hydrodynamic Signals in a Non-turbulent Regime 

Acartia tonsa displayed the greatest (mean ± standard error) reactive distances 

(Table 3.1; Fig. 3.1), responding significantly further from the siphon tip than either 

Paracalanus parvus (Fig. 3.1) or Temora turbinata (Fig. 3.1; Kruskal-Wallis ANOVA, P 

≤ 0.0005). There was no significant difference in the mean reactive distance of P. parvus 

and T. turbinata; however, the escape reactions of P. parvus were less variable than T. 

turbinata (Table 3.1; Fig. 3.1). Reactive distances in the absence of turbulence were as 

small as 1.03 mm (T. turbinata) and as large as 12.82 mm (A. tonsa).  

Escape jump distances were similar among all species (Table 3.1; Kruskal-Wallis 

ANOVA, P = 0.69). Significant differences were found among species in the direction of 

their escape jump (Kruskal-Wallis ANOVA, P = 0.002). Directions of escape jumps were 

described relative to the siphon tip, where the siphon mouth was 90º, the rear of the 

siphon was 270º, 0º was perpendicular to and above the siphon tip, and 180º was 

perpendicular to and below the siphon tip. Acartia tonsa escaped in a mean upward 

direction of 4.1º ± 16.6º which was significantly different from both Paracalanus parvus 

and Temora turbinata (Table 3.1; Fig. 3.3A - C; Watson�s U2 tests, P < 0.0005; < 0.005, 

respectively). P. parvus and T. turbinata showed more variation in their escape directions 
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with mean escape directions of 154.8º ± 34.4º and 153.2º ± 38.6º, respectively (Table 3.1; 

Fig. 3.3B, C). 

The majority of escape reactions occurred when the copepod approached the 

siphon tip with its anterior end oriented toward the siphon tip at approach angles ranging 

from 270º to 360º and 0° to 90° where the siphon tip is pointing in the 90º direction 

(Table 3.1; Fig. 3.4). Orientation of the copepod prior to an escape reaction also differed 

significantly between species (Mardia-Watson-Wheeler, P < 0.0005) with Paracalanus 

parvus approaching the siphon at a significantly different angle than Acartia tonsa and 

Temora turbinata (Fig. 3.4; Watson�s U2 tests, P < 0.002; < 0.0005, respectively) 

Acartia tonsa responded to the lowest threshold deformation rate (Table 3.1; 

Kruskal-Wallis ANOVA, P ≤ 0.0005). Most A. tonsa escape jumps were in response to 

deformation rates < 5 s-1; however, one escape reaction occurred only 1.62 mm from the 

siphon tip, corresponding with a deformation rate of 20.84 s-1 (Fig. 3.1). Paracalanus 

parvus and Temora turbinata also responded to a large range of deformation rates (0.47 � 

24.05 s-1 and 0.14 � 81.86 s-1, respectively). 

Copepod Sensitivity to Hydrodynamic Signals in a Turbulent Regime 

Paracalanus parvus responded significantly further from the siphon tip than 

Temora turbinata in the turbulent hydrodynamic regime (Fig. 3.2; Table 3.2; Mann-

Whitney rank sum test, P = 0.002). Reactive distances ranged from 0.62 mm (P. parvus) 

to 7.73 mm (P. parvus). Jump distances did not differ significantly between the species 

(Table 3.2; Mann-Whitney rank sum test, P = 0.58); however, the direction of their 

escape jumps were significantly different, with T. turbinata responding in a mean 

downward direction of 125.6º ± 11.7º and P. parvus responding in an almost uniform 

distribution of directions with a mean direction of 305.7º ± 132.0º (Table 3.2; Fig. 3.5; 

Mardia-Watson-Wheeler, P = 0.002). The majority of escape reactions occurred when the 
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copepod was approaching the siphon tip with the anterior end oriented toward the siphon 

at approach angles from 270º to 360º and 0° to 90° where the siphon tip is pointing in the 

90º direction (Table 3.2; Fig. 3.6). Distributions of approach angles differed significantly 

between P. parvus and T. turbinata although they had similar mean angles of 353.4° ± 

4.3° and 350.3° ± 12.2°, respectively (Table 3.2; Fig. 3.6; Mardia-Watson-Wheeler tests, 

P < 0.00005). 

Copepod Sensitivity in Non-turbulent vs. Turbulent Regimes 

Paracalanus parvus had similar reactive distances to the siphon flow field in both 

the turbulent and non-turbulent conditions (Mann-Whitney rank sum test, P = 0.17); 

however, a nearly significant difference was found in the same comparison for Temora 

turbinata (Mann-Whitney rank sum test, P = 0.05). No significant differences were found 

when comparing the jump distance of P. parvus or T. turbinata (Mann-Whitney rank sum 

test, P = 0.70; P = 0.62, respectively). No significant differences were noted in the jump 

direction of either P. parvus or T. turbinata in the presence or absence of turbulence 

(Mardia-Watson-Wheeler tests, P = 0.21; P = 0.10, respectively). Orientation of P. 

parvus and T. turbinata prior to response did not differ significantly between turbulent 

and non-turbulent hydrodynamic regimes (Mardia-Watson-Wheeler tests, P = 0.35; P = 

0.50, respectively). 

DISCUSSION 

Copepods rely on their mechanoreceptive abilities to detect the hydrodynamic 

disturbances created by an approaching predator. However, copepods encounter a wide 

variety of predators, each generating a specific range of hydrodynamic signals, and exist 

within environments with varying degrees of turbulence. Therefore, copepods must 

balance their sensitivity to fluid disturbances to minimize responses to ambient 
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hydrodynamic noise and yet perform escape behaviors when exposed to threatening 

signals (Hwang and Strickler 1994; Fields and Yen 1996, 1997; Kiørboe et al. 1999).  

Calculated mean threshold deformation rates in this study for Acartia tonsa and 

Paracalanus parvus (2.02 + 0.82 s-1 and 5.98 + 0.88 s-1, respectively) fell within the 

range of published values (Tables 3.1 and 3.3; Fields and Yen 1997; Kiørboe et al. 1999; 

Buskey et al. 2002). Behavioral responses of adult Acartia spp. have been stimulated at 

threshold deformation rates as low as 0.38 and 0.46 s-1 using a siphon configuration 

(Table 3.3; Fields and Yen 1997 - as calculated by Kiørboe et al. 1999; Kiørboe et al. 

1999, respectively) and at deformation rates down to 0.4 s-1 to the vertical movement of a 

computer-controlled cylinder (Buskey et al. 2002). In the present study, the mean 

calculated deformation rate for stimulating a response in A. tonsa was quite a bit higher 

than the minimum threshold values reported by Fields and Yen (1997) and Kiørboe et al. 

(1999); however, it is similar to the response levels found by Buskey et al. (2002) (Table 

3.3). Deformation rates calculated for additional copepod species ranged from 0.4 s-1 for 

Calanus finmarchicus (Table 3.3; Haury et al. 1980 � calculated by Kiørboe et al. 1999) 

to 6.5 s-1 for Temora longicornis (Viitasalo et al. 1998). Although mean threshold 

deformation values for Temora turbinata exceeded the previous range of deformation 

rates, T. longicornis also needed large deformation rates to trigger escape behavior (Table 

3.3; Viitasalo et al. 1998). In the present study, all species responded to minimum 

deformation rates < 0.20 s-1, but mean thresholds were all much higher.  

It is understandable that copepod species would vary in their response threshold, 

but several different values have been reported for a single species, Acartia tonsa. Studies 

by Fields and Yen (1997) and Kiørboe et al. (1999) used cultured copepods, while 

Buskey et al. (2002) and the present study used animals within a few hours of collection 

from the wild. Cultured copepods responded to much lower deformation rates than their 
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wild conspecifics, it is possible that wild copepods have habituated to a certain level 

hydrodynamic noise or that the process of culturing has selected for more sensitive 

copepods.  

In their natural habitats, copepods are exposed to varying levels of turbulence. 

When comparing the escape behavior of Paracalanus parvus and Temora turbinata in 

response to identical stimuli under non-turbulent and turbulent conditions, there were few 

differences. Jump distance and orientation prior to eliciting the escape reaction were 

similar regardless of the hydrodynamic conditions, but T. turbinata had a smaller reactive 

distance in the turbulent regime. P. parvus continued to respond at the same distance 

from the siphon mouth, however, with the addition of turbulence, the deformation rate at 

that location would be altered. The copepod Acartia tonsa was also exposed to the same 

siphon stimulus under similar levels of turbulence and reactive distances were plotted in 

relation to the siphon mouth (Fig. 3.7; O. Gilbert, unpublished data). The reactive 

distances measured under still conditions in these experiments (5.40 ± 0.54 mm) were 

significantly longer than those measured by O. Gilbert (unpublished data) within the 

turbulent hydrodynamic regime (3.63 mm; Mann-Whitney rank sum test, P ≤ 0.0005).  

The small-scale turbulence in the present study was calculated to have a r.m.s. 

turbulent velocity of approximately 0.08 cm s-1. This value corresponds to dissipation 

rates of ca. 10-3 � 10-4 W m-3 (Rothschild and Osborn 1988; Yamazaki and Squires 1996) 

and falls within the range of dissipation values reported for the upper 5.5 m of the 

oceanic mixed layer on the continental shelf off the coast of Nova Scotia (10-3 � 10-5 W 

m-3 or 0.1 � 1 mm-2 s-3; Oakey and Elliott 1982; recalculated by Granata and Dickey 

1991) and for the upper 50 m of the Sargasso Sea (10-3 W m-3 or 0.001 � 1 mm-2 s-3; 

Gargett et al. 1979; recalculated by Granata and Dickey 1991). Copepods used in the 

current experiments can be found in coastal zones, estuaries, and, as sampled from tidal 
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channels. Therefore, they encounter a broad range of turbulence intensities, as high as 10-

2 W kg-1 in tidal channels (Lazier and Mann 1989) to lows of 10-5 W kg-1 in surface 

coastal waters (Oakey and Elliott 1982). A. tonsa often resides in shallow bays and 

estuaries and commonly experiences higher turbulence intensities than P. parvus and T. 

turbinata. The escape behavior of A. tonsa to the siphon flow was affected more strongly 

by the addition of turbulence indicating that they may be better able to habituate to small-

scale turbulence. These findings suggest that copepod escape behavior can be 

significantly affected by the introduction of natural levels of small-scale turbulence. It 

would be interesting to replicate these experiments at increasing levels of turbulence and 

using copepods that have been habituated to the corresponding turbulence intensity. 

Turbulence most strongly influenced the behavior of A. tonsa. Comparisons should also 

be made of the escape behavior of copepods from highly turbulent areas, such as A. 

tonsa, and copepods from mesopelagic and bathypelagic waters.  

Components of copepod feeding and escape behavior may be affected by the 

presence of small-scale turbulence (Costello et al. 1990; Marrasé et al. 1990; Saiz and 

Alcaraz 1992; Hwang and Strickler 1994; Clarke et al. in press). Introduction of 

turbulence at first stimulates a high rate of escape reactions and increased feeding activity 

(Costello et al. 1990; Saiz and Alcaraz 1992; Hwang and Stricker 1994), but copepods 

slowly habituate to the stimulation of turbulence (Hwang and Strickler 1994). Turbulence 

has also been reported to increase the capture success of Acartia tonsa by the visual 

predator, Acantheblemaria spinosa (spinyhead blenny), suggesting that turbulence 

interferes with the mechanoreceptive abilities of the copepod (Clarke et al. in press). The 

present study suggests that turbulence affects the reactive distance, and response 

thresholds of escape reactions of copepods. Now that deformation rate of the velocity 

gradient has been shown to be responsible for triggering copepod escape behavior 
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(Kiørboe et al. 1999), we should take the opportunity to develop more realistic 

experimental designs using wild copepods and turbulent conditions.  
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Table 3.1.  Summary of behavioral characteristics of escape responses to the siphon 
flow in the non-turbulent hydrodynamic regime for three copepod species. 
Mean values are presented with standard error in parentheses. Threshold 
deformation rates and signal strengths were calculated using Eq. (1) and (2), 
respectively, and were based on measurements of reactive distances. 
Probability values (P) were calculated using Kruskal-Wallis ANOVA and 
Mardia-Watson-Wheeler circular statistic tests (* represents significant 
differences, α = 0.05).  

Species Behavioral 
characteristic A. tonsa 

(n = 25) 
P. parvus 
(n = 28) 

T. turbinata 
(n = 34) 

Probability 
value (P) 

Reactive distance 
(mm) 

5.40 (0.54) 2.77 (0.15) 3.22 (0.29) ≤ 0.001* 

Jump distance (mm) 8.26 (1.07) 8.29 (1.12) 6.81 (0.56) 0.690 

Jump direction (º) 4.1 (16.6) 154.8 (34.4) 152.2 (38.6) 0.003* 

Orientation (º) 49.0 (15.5) 1.2 (7.4) 15.7 (13.4) < 0.0005* 

Threshold 
deformation rate (s-1) 

2.02 (0.82) 5.98 (0.88) 10.01 (2.66) ≤ 0.001* 

Signal strength    
(mm s-1) 

0.81 (0.33) 1.97 (0.29) 3.86 (1.02) ≤ 0.001* 
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Table 3.2.  Summary of behavioral characteristics of escape responses to the siphon 
flow in the turbulent hydrodynamic regime for two copepod species. Mean 
values are presented with standard error in parentheses. The siphon tip 
corresponds with 0º. Probability values (P) were calculated using Mann-
Whitney rank sum test and Mardia-Watson-Wheeler circular statistical test 
(* represents significant differences, α = 0.05). 

Species Behavioral 
Characteristic P. parvus 

(n = 53) 
T. turbinata 

(n = 54) 

Probability 
values (P) 

Reactive distance 
(mm) 

3.40 (0.23) 2.51 (0.17) 0.002* 

Jump distance (mm) 7.51 (0.76) 7.62 (0.64) 0.577 

Jump direction (º) 305.7 (132.0) 125.6 (11.7) 0.002* 

Orientation (º) 353.4 (4.3) 350.3 (12.2) < 0.0005* 
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 Table 3.3.  Summary of threshold deformation rates of copepod species exposed to 
various hydrodynamic stimuli (modified from Kiørboe et al. 1999). 

Species Deformation   
rate (s-1) Stimulus Source 

Acartia tonsa 2.02 Siphon This study 
Paracalanus parvus 5.98 Siphon This study 
Temora turbinata 10.01 Siphon This study 
Mixed nauplii 0.6-1.9 Mussel Green et al. 2003 
Calanus helgolandicus 

Early stage nauplii 
Late stage nauplii 

 
0.52 
3.24 

Siphon Titelman and Kiørboe 2003 

Centropages typicus 
Early stage nauplii 
Late stage nauplii 

 
2.60 
2.79 

Siphon Titelman and Kiørboe 2003 

Eurytemora affinis 
Early stage nauplii 
Late stage nauplii 

 
1.88 
2.65 

Siphon Titelman and Kiørboe 2003 

Euterpina acutifrons 
Early stage nauplii 
Late stage nauplii 

 
4.25 
1.92 

Siphon Titelman and Kiørboe 2003 

Acartia spp. 2.5 - 12 Cylinder Buskey et al. 2002 
Temora longicornis       

NII-NIII 
NIII-NIV 
NV-NVI 

CI-CII 
CII-CIV 

 
2.78 
3.25 
3.96 
0.73 
0.71 

Siphon 
 
 

Titelman 2001 
 
 

Acartia tonsa   
                female 

NI-NII 
NII-NIII 
CII-CIII 

 
0.46 
2.49 
1.38 
0.49 

Siphon 
 

Kiørboe et al. 1999 
 

Eurytemora affinis 1.9 Siphon Viitasalo et al. (1998) 
Temora longicornis 6.5 Siphon Viitasalo et al. (1998) 
Acartia tonsa (adult) 0.38 Siphon Fields and Yen 1997 
Acartia tonsa (nauplii) 6.3 Siphon Fields and Yen 1997 
Euchaeta rimana 2.4 Siphon Fields and Yen 1997 
Pleuromamma xiphias 4.6 Siphon Fields and Yen 1997 
Labidocera madurae 6.3 Siphon Fields and Yen 1997 
Oithona sp. 3.8 Siphon Fields and Yen 1997 
Calanus finmarchicus 0.4 Siphon Haury et al. 1980 
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Figure 3.1. Locations where escape reactions were initiated for Acartia tonsa (red 
circles), Paracalanus parvus (blue squares), and Temora turbinata (purple 
triangles) in response to the siphon-generated flow field under non-turbulent 
water conditions superimposed on the velocity profile (mm s-1) of the water. 
Darkening of the shaded isolines represents an increase in fluid velocity 
nearing the siphon tip. 
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Figure 3.2. Locations where escape reactions were initiated for Paracalanus parvus 
(blue squares) and Temora turbinata (purple triangles) in response to the 
siphon-generated flow field under turbulent conditions superimposed on the 
velocity profile (mm s-1) of the water. Darkening of the shaded isolines 
represents an increase in fluid velocity nearing the siphon tip. 
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Figure 3.3.  Directionality of escape jumps exhibited by (A) Acartia tonsa, (B) 
Paracalanus parvus, and (C) Temora turbinata to the siphon flow field in a 
non-turbulent hydrodynamic regime. Plots indicate the proportion of escape 
jumps in each of 12 directional categories of 30º. The siphon tip corresponds 
with 90º. The arrow represents the mean vector (µ) of the jump angles and r 
represents the mean vector length. 
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Figure 3.4. Orientation of (A) Acartia tonsa, (B) Paracalanus parvus, and (C) Temora 
turbinata prior to an escape reaction to the siphon flow in a non-turbulent 
regime. An orientation of 90º corresponds with moving directly away from 
the siphon tip. Plots indicate the proportion of copepod orientations in each 
of 12 directional categories of 30º. The arrow represents the mean vector (µ) 
of the jump angles and r represents the mean vector length.   
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Figure 3.5.  Directionality of escape jumps exhibited by (A) Paracalanus parvus and (B) 
Temora turbinata to the siphon flow field in a turbulent hydrodynamic 
regime. Plots indicate the proportion of escape jumps in each of 12 
directional categories of 30º. The siphon tip corresponds with 90º. The 
arrow represents the mean vector (µ) of the jump angles and r represents the 
mean vector length. 
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Figure 3.6.  Orientation of Paracalanus parvus (A) and Temora turbinata (B) prior to an 
escape reaction to the siphon flow in a turbulent regime. An orientation of 
90º corresponds with moving directly away from the siphon tip. Plots 
indicate the proportion of copepod orientations in each of 12 directional 
categories of 30º. The arrow represents the mean vector (µ) of the jump 
angles and r represents the mean vector length.
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Figure 3.7.  Locations where escape reactions were initiated for Acartia tonsa (O. 
Gilbert, unpublished data) in response to the siphon flow under turbulent 
conditions. Locations are superimposed on the velocity profile (mm s-1) of 
the siphon under turbulent conditions.  
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Chapter 4: Calanoid copepod escape behavior in response to a visual 
predator  

ABSTRACT 

Calanoid copepods typically exhibit escape reactions to hydrodynamic stimuli 

such as those generated by the approach of a predator. Two small calanoid species, 

Temora turbinata and Paracalanus parvus were exposed to a visual predatory fish, the 

blenny Acantheblemaria spinosa, and their predator-prey interactions were recorded 

using both high-speed and standard videographic techniques. Copepod escape reaction 

components, including swimming pattern, reactive distance, turning rate, and jump 

kinetics, were quantified from individual predation events using motion analysis 

techniques. Among the observed escape reaction components, differences were noted 

between each species� swimming pattern prior to attack and its response latency. P. 

parvus exhibited a hop-and-sink swimming pattern, while T. turbinata was a continuous 

cruiser. During periods of sinking, P. parvus stopped beating its appendages, which 

reduced any self-generated hydrodynamic signals and increased perceptual abilities to 

detect an approaching predator. Response latency was determined for each copepod 

species using a controlled near-field hydrodynamic stimulus. P. parvus had significantly 

shorter response latencies compared with T. turbinata, which may have contributed to the 

higher attack speed employed by the blenny when targeting P. parvus. Despite the 

apparent perceptual advantages of P. parvus, the blenny successfully captured each 

species by modifying its attack behavior for the targeted prey. 

INTRODUCTION 

To evade the immediate threat of an approaching predator, calanoid copepods 

typically elicit an escape reaction. This escape reaction results from the integration of 
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several sensory and behavioral characteristics: (1) degree of sensitivity to stimuli (Fields 

and Yen 1997, Lenz and Hartline 1999), (2) latency of response (time between onset of 

the stimulus and initiation of the reaction) (Lenz et al. 2000, Buskey et al. 2002; Buskey 

and Hartline 2003), and (3) movement kinetics of the response, (i.e. escape speed, and 

acceleration, direction, and distance traveled) (Buskey et al. 2002; Buskey and Hartline 

2003). Variations of these sensory and behavioral traits among copepod species may 

contribute to differences in escape performance. Furthermore, the importance of 

individual escape reaction components will vary with the type of predator.   

Copepods exhibit various swimming patterns ranging from continuous to 

intermittent locomotion. Copepods that maintain a nearly constant forward motion have 

been termed �continuous cruisers.� Intermittent swimmers can be classified as either 

�hop-and-sink� swimmers (Bainbridge 1952), taking brief forward jumps followed by a 

short period of sinking when appendage motion ceases, or �cruise-and-sink� swimmers, 

characterized by longer periods of forward swimming followed by brief sinking phases. 

The pausing of motion during intermittent swimming is believed to increase the 

perceptual abilities of the copepod by reducing any self-generated hydrodynamic noise 

(Yen 2000, Kramer and McLaughlin 2001).   

Many vertebrate predators, such as fishes, rely on copepods as a major food 

source. Fishes possess many sophisticated sensory systems including vision, hearing, and 

a lateral line. The spinyhead blenny, Acantheblemaria spinosa, has been referred to as a 

hemisessile organism, living within crevices of coral skeletons (Kotrschal and Lindquist 

1986, Clarke 1992). Because the blenny visually detects its prey items, the color, size, 

and motion of the prey item should significantly affect the prey�s chance of survival. 

Small, nearly transparent organisms are more difficult to see; however, an irregular or 
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intermittent swimming pattern can counteract this advantage (Zaret 1980, Wright and 

O�Brien 1982, Buskey et al. 1993).  

Copepod escape success from visual vertebrate predators depends on their ability 

to detect the approach of an attacking predator and to respond quickly and effectively to 

this approach. This study was designed to evaluate prey detection and each component of 

the escape reaction to determine the relative importance in response to a visual, vertebrate 

predator.  

MATERIALS AND METHODS 

Animal Collection and Care 

Two calanoid copepod species were chosen from the same habitat, indicating they 

were acclimated to the same ambient hydrodynamic regime. Both species, Paracalanus 

parvus and Temora turbinata, are relatively small copepods with average prosome 

lengths less than 1 mm, yet display different routine swimming patterns. The hop-and-

sink swimming pattern of P. parvus may provide a perceptual advantage over the 

continuous cruiser, T. turbinata.  

Copepods were collected by towing a 0.5-m diameter, 153-µm mesh net from The 

University of Texas Marine Science Institute pier located on the Aransas Ship Channel 

(27° 50.3� N; 97° 3.1� W). The net was held within the stream of an incoming or 

outgoing tide for 5 � 10 min, depending on the current velocity. Contents of the cod end 

were diluted into a plastic bucket containing whole sea water and returned to the 

laboratory for live sorting. Plankton samples were scooped gently from the bucket using a 

small plastic petri dish and examined under the dissecting microscope. Adult 

Paracalanus parvus and Temora turbinata were separated from the plankton using a 

Pasteur pipette. The species were kept separately in small glass beakers containing 0.2-
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µm porosity filtered sea water. Copepods were used for experimentation within 1 h of 

sorting.  

Fish of the species Acantheblemaria spinosa (Osteichthyes: Blenniidae) were 

collected from Teague Bay Reef along the northeast coast of St. Croix, US Virgin Islands 

(17º 48� N; 64º 53� W) during the summers of 2000 and 2001, and from the northwest 

corner of Glover�s Reef (16° 99.5� N; 87° 47.5� W) in Belize during the summer of 2004. 

Collection involved anesthetizing fish with approximately 1 ml of 0.1% quinaldine 

sulfate and capturing them within test tubes. Immediately following capture, fish were 

transferred to ventilated jars to expedite recovery from the anesthetic. They were kept for 

up to one week in aerated plastic basins before being transported to The Marine Science 

Institute. The fish were split into groups of three or four and maintained within a flow-

through system consisting of 8.3-L aquaria with continuously flowing filtered sea water 

pumped from the Aransas Ship Channel. Water temperature ranged from 25 � 28° C. Fish 

were exposed to a diel 12 h light/12 h dark cycle and were fed newly hatched Artemia 

salina nauplii twice a day. Their diet was supplemented with natural zooplankton 

assemblages daily. Fish were provided shelters crafted from Sculpey® polymer clay 

which were equivalent in size to 1/8th of a sphere with a 4-cm radius. These tube-

dwelling blennies are < 25-mm in total length and they resided within cylindrical holes 

(21-mm radius, 25 mm long) located at the center of each shelter�s curved face. The 

hemisessile nature of the spinyhead blenny is amenable to predator-prey studies. The 

blenny remains within its shelter, darting out to attack prey using both suction and ram-

feeding (Clarke 1992, Clarke et al. in press). 

Copepod Swimming Patterns 

Eight groups of five individuals were sorted per copepod species. One group of 

Temora turbinata was gently added to a 2.3 x 8.0 x 4.0-cm clear acrylic plastic chamber 
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filled with 0.2-µm porosity filtered sea water. After a 10 min acclimation period, copepod 

routine swimming behaviors were recorded for 2 min using a Cohu video camera (model 

3315) equipped with a Nikon Nikkor 55-mm lens. Experiments were repeated on the 

remaining seven groups of T. turbinata and with all eight groups of Paracalanus parvus.   

The 2-min recordings were played through a Motion Analysis VP-110 video-to-

digital processor, which digitized the outlines of the observed copepods and sent the 

information to a computer at a sampling rate of 15 frames per second (FPS). The video-

computer motion analysis system ExpertVision Cell-Trak processed the digitized images 

and calculated the swimming speed (mm s-1) of each of the observed swimming paths. 

The mean swimming speed of each 2-min experiment was calculated. A grand mean was 

calculated for each species by averaging the means of the eight experiments.   

Hydrodynamic Stimuli 

A near-field hydrodynamic stimulus was produced through the use of an acoustic 

signal. A Philips PM 5712 pulse generator produced a single sine wave pulse of 1-ms 

duration. The pulse was amplified by an RCA SA-155 integrated stereo amplifier, which 

allowed adjustment of the signal�s amplitude before being sent to an 8.9-cm dual cone 

audio speaker. The experimental chamber, rested on a sheet of Plexiglas® placed on top 

of the speaker cone. The 1-ms acoustic pulse translated into a small vibration of the 

experimental chamber and its contents. High-speed video recording at 1000 FPS was 

performed using a Redlake MotionMeter® model 1140. The pulse of the signal generator 

triggered the camera and marked the onset of the stimulus. Response latency (ms), the 

time between the onset of the stimulus and the initiation of the escape reaction, was 

determined for each species through slow motion playback of these high-speed 

recordings. 
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Predator-Prey Interactions 

Predator-prey interactions were recorded using both standard and high-speed 

videographic techniques. A Cohu camera (model 3315) with a Nikon Nikkor 55-mm lens 

was used for standard video recording. High-speed video was recorded at 1000 FPS using 

the Kodak Motion Corder Analyzer SR-3000. The high-speed recordings were then 

played back at 30 FPS and recorded using a Panasonic AG1960 videocassette recorder. 

Blennies were transferred within their shelters to a 10.0 x 10.0 x 10.0-cm clear acrylic 

plastic container filled with approximately 800 ml of 0.2-µm filtered sea water for 

standard video recordings or to a 7.1 x 3.3 x 6.1-cm container for high-speed video 

recordings.  

Blennies were starved 20 � 24 h prior to experimentation. They were allowed 10 

min to acclimate before a group of approximately 100 copepods of a single species was 

added. Predator-prey interactions were recorded for up to 30 min. Ten replicates were 

performed per species, using ten different blennies (one trial with each species for each 

blenny). Experiments involving the same blenny were spaced several days apart.  

A fiber optic light centered above the experimental chamber provided 

illumination for all experiments. Additionally, the shortened exposure time of the high-

speed recordings required the use of a ring of infrared light-emitting diodes to provide 

adequate dark-field illumination to capture the images. A ruler was videotaped at the end 

of each trial to calibrate distances.  

Video Analysis 

Standard video recordings were reviewed using slow-motion playback and frame-

by-frame analysis. Information regarding predation events was gathered and categorized 

according to a modified version of Holling�s (1959) components of predation model, 

which is chronologically summarized as: encounter→ attack→ capture→ ingestion. 
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During an encounter, the blenny or the copepod perceives the presence of the other as 

indicated by direct contact or the initiation of an attack or escape motion. Movement of 

the blenny towards the copepod was termed the approach. An attack occurred when the 

blenny combined this forward motion with the opening of its mouth and initiated suction 

feeding. Copepods exhibited escape reactions to approaches and to attacks. 

 Several components associated with each species� escape behavior and detection 

abilities were examined, including swimming pattern, reactive distance, and jump 

kinetics. Copepod swimming behavior in the frames immediately prior to a predation 

event was observed from the recordings and classified as one of the following: (1) slow 

forward cruising (produced through the beating of feeding appendages); (2) irregular, fast 

forward cruising or an escape jump; and (3) sinking (no beating of appendages). 

Once an escape reaction is initiated, its kinetics (direction, speed, acceleration, 

and distance) may influence escape success. To analyze the kinetics, high-speed video 

recordings of individual escape jumps were played through the Motion Analysis VP-110 

video-to-digital processor. Digitized images were processed using the ExpertVision Cell-

Trak system. For each of the observed escape reactions, swimming path, speed (mm s-1), 

acceleration (m s-2), and number of thrusts per jump were calculated.  

A second computerized image analysis system, Nikon Metavue®, was used to 

quantify the speed of the blennies as they approached and attacked copepods. Video 

segments were converted to digital format, and blenny approach and attack speeds were 

calculated by tracking a point on the blenny�s upper lip through each video frame. This 

system was also used to measure copepod reactive distance (mm) from the blenny and 

escape jump distance (mm) from the standard video recordings. These values may 

underestimate the distance traveled throughout an escape reaction since copepods would 
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often continue their escape jump beyond the recorded field of view and their escape 

jumps were rarely perpendicular to the camera.  

Statistical Analysis 

Statistical analyses were computed by Systat software (v. 11). Interspecific 

comparisons of mean swimming speeds of the copepods, reactive distance to the blenny, 

response latency to the near-field hydrodynamic stimulus, and blenny attack speed were 

made using a Student�s t-test. Statistical analyses were stratified by blenny to control for 

variation among individual predators. Swimming pattern within a species was analyzed 

using Pearson chi-square tests. 

Interspecific comparisons of escape reaction kinetics in response to the blenny 

were performed using multivariate analysis of variance (MANOVA), and the same was 

done for the escape reaction kinetics in response to the near-field hydrodynamic stimulus. 

A two-way MANOVA was run to compare the kinetics of each species� escape reactions 

between the blenny and the near-field hydrodynamic stimulus.    

RESULTS 

Copepod Swimming Patterns 

Temora turbinata displayed the swimming pattern of a continuous cruiser while, 

Paracalanus parvus demonstrated a typical hop-and-sink swimming pattern (Fig. 4.1). 

Mean (± SE) swimming speed of P. parvus, 1.83 ± 0.17 mm s-1, and T. turbinata, 1.81 ± 

0.19 mm s-1, were not significantly different (Student�s t-test, P = 0.92). 

Predator-Prey Interactions 

Over 100 interactions were observed between blennies and each copepod species 

(Temora turbinata, n = 158; Paracalanus parvus, n = 138). No difference between 

species was found in escape success and 79.8% and 78.3% of encounters resulted in 
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capture for T. turbinata and P. parvus, respectively (Mantel-Haenzel Chi-Square Test, P 

= 0.86).  

Temora turbinata and Paracalanus parvus display characteristic swimming 

patterns of a continuous cruiser and a hop-and-sink swimmer, respectively. T. turbinata 

displayed similar swimming patterns prior to both captures and escapes (Fig. 4.2A; 

Pearson Chi-Square Test, P = 0.23). The majority of all interactions were preceded by 

slow swimming (Fig. 4.2A). In contrast, P. parvus escaped significantly more often when 

passively sinking prior to attack (Fig. 4.2B; Pearson Chi-Square Test, P ≤ 0.0005). 

There was no significant difference in reactive distance between the species (Fig. 

4.3; Student�s t-test, P = 0.70) and no relationship was found between reactive distance 

and the escape speed of the associated jump (Pearson correlation, r = -0.25). Temora 

turbinata displayed significantly longer jump distances than Paracalanus parvus (Fig. 

4.4; Mann-Whitney rank sum test, P = 0.045).  

Blenny approach speed was examined prior to both capture and escape events. 

Approach speed was measured over the 20 ms prior to either the capture or escape of the 

copepod. Measurements of approach speeds prior to capture and escape events (n = 21, n 

= 20, respectively) showed little variation until the blenny was within 8 ms of the attack 

(Fig. 4.5). Blennies that successfully captured the copepod rapidly accelerated from a 

mean speed (± SE) of 28.9 ± 3.1 mm s-1 to 173.3 ± 13.6 mm s-1. Unsuccessful attacks 

resulted when the blenny maintained a constant approach speed of approximately 28 mm 

s-1. Blenny approach speed was not correlated with reactive distance (r = 0.37 for Temora 

turbinata, r = 0.40 for Paracalanus parvus) or the jump distance (r = 0.09 for T. 

turbinata, r = 0.30 for P. parvus). The blenny exhibited significantly faster mean (± SE) 

speeds when successfully capturing P. parvus (225.32 ± 13.66 mm s-1) versus T. 

turbinata (130.83 ± 9.56 mm s-1) (Fig. 4.6; Student�s t-test, P < 0.0005).  
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The kinetics of successful escape reactions did not differ between species (Table 

4.1). During escape reactions, Temora turbinata and Paracalanus parvus attained 

maximum speeds exceeding 850 and 700 mm s-1, respectively and accelerations 

exceeding 300 m s-2 for both species (Table 4.1).  

Hydrodynamic Stimuli 

The hydrodynamic stimulus elicited escape reactions by both copepod species. 

Response latencies for Temora turbinata were highly variable and ranged between 3 and 

50 ms (Fig. 4.7A). The majority of escape reactions (80%) occurred within 30 ms of 

stimulus onset. Mean response latency for Paracalanus parvus was 3.32 ± 0.19 ms (Fig. 

4.7B). 

Differences between species were also noted for the movement of escape 

reactions to the near-field hydrodynamic stimulus (Table 4.2). Predator-prey experiments 

involving the blenny indicated that escape reactions of Temora turbinata of similar 

strength and speed to Paracalanus parvus. However, in response to the near-field 

hydrodynamic stimulus, P. parvus displayed significantly higher maximum escape 

speeds, average escape speeds, and maximum accelerations than T. turbinata (Table 4.2). 

In fact, values recorded for all measures of jump kinetics in response to the near-field 

hydrodynamic stimulus were significantly lower than those recorded in response to the 

blenny (Table 4.3).   

DISCUSSION 

As a member of the superfamily Megacalanoidea, Paracalanus parvus is believed 

to possess myelinated sensory and motor axons. Temora turbinata belongs to the 

superfamily Centropagoidea. Although T. turbinata has not been examined specifically, 

Lenz et al. (2000) did examine congener T. longicornis and found it to be a non-
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myelinated species. From this information, we can infer that T. turbinata lacks 

myelinated axons and we measured characteristically longer response latencies than from 

P. parvus. The short latencies of P. parvus did not enhance its escape success during 

predator-prey interactions. Within the 8 ms prior to a successful attack, the blenny rapidly 

accelerated from speeds of only 21 mm s-1 to 176 mm s-1. With response latencies of 

approximately 3 ms, P. parvus would have more time to detect and respond to the 

velocity gradients created by the approaching blenny. Although T. turbinata may have 

the capacity to detect an approaching blenny, its escape latencies >10 ms prevent an 

escape reaction before it is caught. This may explain why blennies adopted slower attack 

speeds during interactions with T. turbinata. Faster attack speeds were required to capture 

P. parvus (Fig. 4.6). 

Prey swimming behavior affects their conspicuousness to visual predators (Zaret 

1980, Wright and O�Brien 1982). Copepod swimming behavior ranges between 

continuous and intermittent locomotion. While irregular swimming patterns may increase 

an organism�s probability of being detected by planktivorous fish (Buskey et al. 1993), 

short pauses within a smooth pattern of motion may provide prey with brief moments of 

invisibility to predators (Kramer and McLaughlin 2001). Pauses in copepod propulsion 

also result in sinking, which decreases the amount of self-generated hydromechanical 

noise and enhances their perceptual abilities (Fig. 4.2B; Yen 2000, Kramer and 

McLaughlin 2001).  

Paracalanus parvus exhibits a hop-and-sink pattern of swimming while Temora 

turbinata displays a continuously cruising pattern. P. parvus is captured significantly 

more often during bouts of swimming, and escapes significantly more often when 

attacked during periods of sinking. The intermittent locomotion of P. parvus appears to 



 68

promote detection of hydrodynamic stimuli, providing them with a slight perceptual 

advantage over the continuously swimming T. turbinata (Fig. 4.2B).   

During successful escape reactions from the blenny, Paracalanus parvus and 

Temora turbinata achieved similar escape speeds, accelerations, and jump distances. 

Escape performance of both species was significantly reduced when exposed to the near-

field hydrodynamic stimulus. The near-field hydrodynamic stimulus produced a signal of 

constant strength, yet elicited significantly different jump kinetics from P. parvus and T. 

turbinata. P. parvus exhibited greater escape speeds and accelerations than T. turbinata. 

However, in response to the blenny attack, a stimulus of unknown and varying strength, 

no differences were noted between the two species� jump kinetics. This suggests that 

blennies present a different stimulus to each species, perhaps a reduced hydrodynamic 

stimulus when attacking prey with greater perceptual abilities or shorter response 

latencies.  

Additionally, copepod species appear to modify their escape behavior in relation 

to the stimulus strength they encounter. A discrepancy between copepod escape velocities 

in response to a controlled stimulus and a predator was found for both Temora turbinata 

and Paracalanus parvus in response to the near-field hydrodynamic stimulus and the 

blenny. Similarly, Suchman (2000) observed faster escape velocities by Acartia 

hudsonica in response to Cyanea sp. than responding to Aurelia aurita. Viitasalo et al. 

(1998) compared the escape behavior of two calanoid species, Eurytemora affinis and 

Temora longicornis, to three hydrodynamic stimuli: (1) mysid shrimps, (2) juvenile 

sticklebacks (fish), and (3) an artificial flow field. Eurytemora affinis reacted at longer 

distances from mysid attacks than from sticklebacks and elicited higher escape speeds in 

response to mysid encounters. Both species displayed lower escape velocities to the 
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artificial flow field and their reaction distances were greater than those prior to 

sticklebacks (Viitasalo et al. 1998). 

 To fully understand the process of predation, it is necessary to consider predator-

prey interactions from the perspective of both the predator and the prey. Just as we 

analyze predation events along certain �components of predation,� we must examine the 

individual components comprising an organism�s escape behavior. Focusing on a single 

component, e.g., escape speed or reaction distance, may provide only a partial picture of 

the predator-prey relationship. The perceptual and behavioral components measured here 

suggested that both the increased sensitivity to hydrodynamic stimuli resulting from a 

hop-and-sink swimming pattern and the shortened response latency of Paracalanus 

parvus enhanced its escape success from a visual, vertebrate predator. However, the 

blenny compensated for these adaptations of the copepods resulting in equal success in 

capturing both copepod species equally.   
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Table 4.1.  Summary of behavioral components of escape responses to the blenny 
predator, Acantheblemaria spinosa. Mean values are based on 17 escape 
jumps for Temora turbinata and 20 for Paracalanus parvus. Standard error 
and range are in parentheses.  Probability (P) values for differences between 
the copepod species calculated using analysis of variance.   

Component T. turbinata P. parvus Probability 
(P)  

Maximum speed 
(mm s-1) 

463 
(531; 208 � 866) 

407 
(29.4; 181 � 721) 0.27 

Average escape 
speed (mm s-1) 

253 
(32.8; 102 � 519) 

227 
(20.0; 97 � 452) 0.40 

Maximum 
acceleration (m s-2) 

125 
(19.8; 27 � 351) 

125 
(13.1; 60 � 326) 0.95 

Average number of 
thrusts 

5.7 
(0.8; 1 � 12) 

8.0 
(1.0; 1 � 17) 0.13 

Jump distance 
(mm) 8.9 7.5 0.48 
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Table 4.2.  Summary of behavioral components of escape responses to a near-field 
hydrodynamic stimulus. Mean values are based on 49 escape jumps for 
Temora turbinata and 30 escape jumps for Paracalanus parvus with 
standard error and ranges in parentheses. Probability (P) values for 
differences between the copepod species calculated using analysis of 
variance.  Significant differences are indicated with an asterisk (*, α = 0.05). 

Component T. turbinata P. parvus Probability 
(P) 

Maximum speed 
(mm s-1) 

201 
(8.0; 108 � 304) 

318 
(12.6; 189 � 485) 0.00* 

Average escape 
speed (mm s-1) 

109 
(4.8; 53 � 167) 

142 
(8.1; 86 � 259) 0.00* 

Maximum 
acceleration (m s-2) 

61 
(2.9; 30 � 123) 

109 
5.4; 62 � 183) 0.00* 

Average number of 
thrusts 

3.5 
(0.4; 1 � 12) 

2.7 
(0.3; 1 � 8) 0.11 
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Table 4.3.  Statistical comparison of the behavioral components in response to blenny 
predator and the near-field hydrodynamic stimulus. Probability (P) values 
for differences between the copepod species calculated using multivariate 
analysis of variance. Significant differences are indicated with an asterisk 
(*, α = 0.05). 

Component Stimulus 
(P) 

Species 
(P) 

Stimulus * Species 
(P) 

Maximum speed 
(mm s-1) 0.00* 0.35 0.00* 

Average escape 
speed (mm s-1) 0.00* 0.92 0.03* 

Maximum 
acceleration (m s-2) 0.00* 0.02* 0.01* 

Average number of 
thrusts 0.00* 0.38 0.02* 

  

 

 



 73

Figure 4.1.  Examples of the routine swimming pattern for (A) Temora turbinata and (B) 
Paracalanus parvus. Each figure is based on the swimming path of one 
copepod over a 10-s time period. 
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Figure 4.2.  Proportion of (A) Temora turbinata (n = 145) and (B) Paracalanus parvus 
(n = 137) contacts resulting in capture or escape while exhibiting a cruising, 
irregular, or sinking motion prior to attack. 
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Figure 4.3.  Distribution of reactive distances for (A) Temora turbinata (n = 18) and (B) 
Paracalanus parvus (n = 20) when attacked by a blenny.  
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Figure 4.4.  Distribution of jump distances for (A) Temora turbinata (n = 19) and (B) 
Paracalanus parvus (n = 21) when attacked by a blenny.  
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Figure 4.5.  Mean approach speed maintained by a blenny prior to capture (n = 21) or 
escape (n = 21) of the copepod prey, where 0 ms represents the capture or 
escape reaction of the copepod. 
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Figure 4.6.  Mean attack speed exhibited by a blenny prior to capture Paracalanus 
parvus (n = 11) and Temora turbinata (n = 10).  Copepod capture occurs at 
0 ms. 
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Figure 4.7. Distribution of response latencies for (A) Temora turbinata (n = 20) and (B) 
Paracalanus parvus (n = 19) to the near-field hydrodynamic stimulus. 
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Chapter 5: Copepod sensitivity to flow fields: Can copepods detect 
predatory ctenophores? 

ABSTRACT 

Copepods have the mechanoreceptive abilities to detect velocity gradients 

generated by approaching predators and the ability to respond to these predators within 

milliseconds. Ctenophores produce a low-velocity feeding current to entrain slow-

swimming and non-motile prey. Since copepod species vary in their sensitivity to 

hydrodynamic disturbances, it is possible that species will differ in their ability to 

distinguish flow-generating ctenophores from the surrounding fluid. Predator-prey 

interactions were recorded between the ctenophore Mnemiopsis leidyi and three copepod 

species, Temora turbinata, Acartia tonsa, and Paracalanus parvus. Although A. tonsa 

displayed greater sensitivity to the flow field generated by a siphon apparatus, T. 

turbinata was most successful in escaping the ctenophore predator. T. turbinata entered 

the inner lobe area (capture surfaces) of the ctenophore significantly less than either A. 

tonsa or P. parvus and were better able to escape both encounters and contacts with the 

inner lobes.  These results suggest that sensitivity to velocity gradients may play only a 

minor role in determining escape success and an intermittent swimming pattern may 

increase susceptibility to capture by flow-generating predators. 

INTRODUCTION 

Ctenophores are common and important predators in planktonic communities. 

Their ability to rapidly capture and ingest prey (Bishop 1967; Burrell and Van Engel 

1976; Kremer 1979; Deason 1982; Larson 1987; Waggett and Costello 1999) and their 

high growth (Reeve et al. 1978) and reproductive rates (Baker and Reeve 1974) allow 

them to significantly alter plankton dynamics. Their effects on planktonic communities 
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have been documented in estuaries along the US Atlantic coast where they occur 

naturally (Burrell and Van Engel 1976; Kremer 1979, 1994; Deason and Smayda 1982 a, 

b) and in the Black Sea and the Sea of Asov where they have been introduced 

(Studenikina et al. 1999; Shiganova 1998; Shiganova and Bulgakova 2000; Shiganova et 

al. 2001).  

Lobate ctenophores forage by swimming forward with their lobes spread open 

(Main 1928; Reeve and Walter 1978; Matsumoto and Hamner 1988; Matsumoto and 

Harbison 1993). They are propelled by the beating of their eight exterior ctene rows 

(Matsumoto and Hamner 1988). Continuous beating of interior cilia creates a low 

velocity inward flow field which slowly draws water into the oral lobe area (Matsumoto 

and Hamner 1988; Costello and Coverdale 1998).  

Ctenophores are ambush entangling predators (Greene 1985) which possess 

specialized capture surfaces such as tentacles or tentilla, and colloblasts (mucus-

producing cells) (Franc 1978; Reeve and Walter 1978; Carré and Carré 1993; Matsumoto 

and Harbison 1993; Waggett and Costello 1999). Ctenophores employ two mechanisms 

for capturing prey: 1) they generate an inward flow field to capture zooplankton that have 

little to no motility and 2) highly motile zooplankton, such as copepods, swim directly 

into the capture surfaces, primarily the inner oral lobe area, where they adhere to the 

sticky surface (Waggett and Costello 1999). The flow field generated by the auricular 

cilia may also induce escape reactions in motile prey that enter the oral lobe area, either 

through direct swimming or entrainment in the flow field (Hamner et al. 1987; Madin 

1988; Matsumoto and Harbison 1993). The flow field frequently startles the prey into the 

capture surfaces of the ctenophore, specifically the inner oral lobes and the tentillae 

(Hamner et al. 1987; Madin 1988; Matsumoto and Harbison 1993).   
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Copepods react to hydrodynamic disturbances in the surrounding fluid (Yen et al. 

1992; Fields and Yen 1996, 1997; Kiørboe et al. 1999; Buskey et al. 2002; Green et al. 

2003) which may affect their susceptibility to predation by flow-generating predators, 

specifically ctenophores. Although adult copepods possess the capacity to detect and 

avoid moving and even inanimate objects in the water column, certain copepods are 

unable to avoid predation by ctenophores (Bishop 1967; Larson 1987; Costello et al. 

1999; Waggett and Costello 1999). Since copepod species have varying degrees of 

sensitivity to hydrodynamic disturbances (Fields and Yen 1997; Kiørboe et al. 1999; 

Lenz et al. 2000), it is possible that ctenophores are hydromechanically invisible to those 

copepod species that have lower sensitivity. 

MATERIALS AND METHODS 

Animal Collection and Care 

Ctenophores were collected from the marina at The University of Texas Marine 

Science Institute, Port Aransas, TX (27° 50.3� N; 97° 03.1� W) using a dipping collection 

device constructed from PVC plastic pipe. The device consisted of a 12.7-cm diameter 

PVC cap with four 1.91-cm diameter holes covered with 153-µm mesh screening 

attached to a 104-cm long PVC pole. Ctenophores were maintained in 8.3-L aquaria with 

continuously flowing filtered sea water from the Aransas Ship Channel pumped slowly 

into the aquaria. Ctenophores were fed 1 - 2 times daily with newly hatched Artemia 

salina nauplii, and their diet was supplemented 2 - 3 times per week with wild 

zooplankton.  

Three calanoid species of similar size and various routine swimming behaviors, 

Acartia tonsa, Paracalanus parvus, and Temora turbinata, were chosen to evaluate the 

ability of copepods to detect flow-generating predators. Copepods were collected by 
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tying a 0.5-m diameter 153-µm mesh plankton net to The Marine Science Institute pier 

and allowing it to stream in the Aransas Ship Channel for approximately 10 min, 

depending on the velocity of the current. Contents of the cod end were added to a small 

plastic bucket and diluted with sea water prior to returning to the laboratory. Plankton 

samples were gently scooped from the bucket using a plastic ladle and examined under a 

dissecting microscope. Adults of the three calanoid species were isolated using a wide 

bore Pasteur pipette into 50-ml plastic beakers containing 0.2-µm porosity filtered sea 

water. Copepods were used for experimentation within 1 h of sorting. 

Copepod Swimming Patterns 

Eight groups of five individuals were isolated for each copepod species (Acartia 

tonsa, Paracalanus parvus and Temora turbinata). A single group was then added to a 

2.3 x 8.0 x 4.0-cm clear acrylic plastic chamber filled with 0.2-µm porosity filtered sea 

water and given a 10-min acclimation period. Routine swimming behavior of the 

copepod was then recorded for 2 min with standard videographic techniques using a 

Cohu video camera (model 3315) equipped with a Nikon Nikkor 55-mm lens. The 

chamber was backlit using a ring of near-infrared light emitting diodes. Experiments 

were repeated for the remaining copepod groups (24 groups in all). Swimming behavior 

was analyzed to determine both routine swimming speeds and patterns of the three 

species. 

Predator-Prey Interactions  

 Five sets of experiments were run per copepod species each using approximately 

100 copepods and a different individual ctenophore predator ca. 2 cm in total length. 

Interactions were recorded (30 frames per second [FPS], NTSC) for 30 min using a Cohu 

camera (model 3315) equipped with a Nikon Nikkor 55-mm lens.  
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Details of copepod escape reactions were examined by filming predator-prey 

interactions using high-speed videography. A small ctenophore (< 2 cm) was placed 

within a narrow 9.1 x 5.0 x 9.7-cm clear acrylic plastic chamber filled with 0.2-µm 

filtered sea water. The ctenophore was held stationary by tethering it to a 20-µL 

borosilicate capillary pipette using the method described by Waggett and Costello (1999). 

The pipette was attached to the aboral end of the ctenophore by applying slight vacuum 

pressure, with the pipette held in place by a small clamp. After a 10-min acclimation 

period, approximately 100 copepods of a single species were added to the chamber. 

Escape reactions were recorded at 1000 FPS using a Redlake MotionMeter® model 

1130-0003 and played back at 30 FPS for recording on standard video using a Panasonic 

AG1960 videocassette recorder. Experiments were replicated six times for A. tonsa, six 

times for P. parvus and eight times for T. turbinata, in order to observe approximately 50 

escape reactions per species. Illumination was provided by a fiberoptic light centered on 

the ctenophore and a ring of infrared light-emitting diodes to increase light for imaging 

and to compensate for the shortened exposure time of the high-speed camera. A ruler was 

videotaped at the end of each experiment for calibrating distances. Video-computer 

motion analysis techniques were used to determine escape speed, acceleration, and 

number of thrusts per jump for each species (Buskey et al. 2002). 

Video Analysis 

Interactions between the ctenophore and the copepods were reviewed via slow-

motion playback. Frame-by-frame analysis allowed quantification of the events. Events 

in the interaction were categorized using the terminology and criteria defined by Waggett 

and Costello (1999) (Table 5.1). These criteria were adapted from the predation model 

first described by Holling (1959; 1966). Interactions between a copepod and ctenophore 

are interpreted as a chronological sequence in which the copepod may exhibit an escape 
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reaction upon encountering the ctenophore or it may require direct contact with the 

ctenophore to initiate the reaction (Fig. 5.1).  

The high-speed video recordings of individual copepod escape jumps from the 

ctenophore were analyzed to evaluate the kinetics of each species� escape reactions. 

Components measured included speed, acceleration, and the number of periopod thrusts 

per escape reaction. Individual escape jumps were played through the Motion Analysis 

VP-110 video-to-digital processor and digitized images were then processed using the 

ExpertVision Cell-Trak system. Swimming path, speed, acceleration, and number of 

thrusts per jump were calculated for each of the observed escape reactions. 

Statistical Analysis 

Statistical analyses were performed with Systat software (v. 11). Results of 

predation events were compared using one-way analysis of variance (ANOVA) with 

pairwise multiple comparisons using Tukey HSD. High-speed kinetics of the three 

species� escape reactions were compared with a Kruskal-Wallis one-way ANOVA with 

pairwise multiple comparisons using Dunn�s Method. 

RESULTS 

Copepod Swimming Patterns 

Although swimming patterns differed among the three copepod species, no 

significant differences were found in their mean swimming speeds. A. tonsa and P. 

parvus both displayed a typical �hop-and-sink� swimming pattern (Fig. 5.2A, B); 

however, A. tonsa exhibited more frequent �hops� and reached greater speeds during 

these hops than P. parvus (Fig. 5.2A, B). T. turbinata was a continuous cruiser, 

maintaining a more constant forward swimming pattern (Fig. 5.2C). 
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Predator-Prey Interactions 

Despite the abilities of the copepods to perceive artificially produced flow fields, 

all three species frequently encountered the ctenophore predator, Mnemiopsis leidyi. All 

species had a similar rate of encounters over time with the ctenophore; however, there 

were significant differences between the species in the frequency of encounters with the 

inner (Fig. 5.3; ANOVA, P < 0.0005) and outer surfaces of the ctenophore (ANOVA, P < 

0.0005). Temora turbinata had significantly more encounters with the outer surfaces of 

the ctenophore than either Acartia tonsa (Fig. 5.3; Tukey HSD, P < 0.001) or 

Paracalanus parvus (Tukey HSD, P < 0.0005) and less encounters with the inner 

surfaces.   

The number of escape reactions over time from the ctenophore also differed 

significantly among the three copepod species (ANOVA, P = 0.002). Temora turbinata 

displayed significantly more escape reactions than Acartia tonsa (Tukey HSD, P = 

0.0005). The majority of T. turbinata�s escape reactions were in response to the outer 

ctenophore surfaces whereas Paracalanus parvus had significantly more escape reactions 

to the inner surfaces of the ctenophore than either A. tonsa or T. turbinata (Tukey HSD, P 

= 0.01 and P < 0.0005, respectively).  

Paracalanus parvus had slightly more direct contacts with the ctenophore than 

either Acartia tonsa or Temora turbinata (Tukey HSD, P = 0.048 and P = 0.037). There 

were significant differences among species in the number of contacts with the inner 

surfaces of the ctenophore (ANOVA, P < 0.0005). P. parvus contacted the inner lobe 

surfaces with the greatest frequency and T. turbinata with the least (Tukey HSD Multiple 

Comparisons). 

Significant differences were found among the rate of captures of the three 

copepod species (Fig. 5.4; ANOVA, P < 0.0005). Paracalanus parvus was captured 
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significantly more often than Acartia tonsa or Temora turbinata (Fig. 5.4; Tukey HSD, P 

= 0.002 and P = 0.000, respectively). T. turbinata was captured significantly less often 

than A. tonsa (Tukey HSD, P = 0.003). 

Escape performance from the ctenophore also varied among copepod species. 

Paracalanus parvus had the fastest average (Fig. 5.5; 207.7 mm s-1) and maximum (Fig. 

5.6; 413.4 mm s-1) escape speeds (Kruskal-Wallis ANOVA on Ranks,  P ≤ 0.0005). 

These speeds were significantly faster than those reached by Temora turbinata (Dunn�s 

Method, P < 0.05). P. parvus also displayed significantly faster maximum accelerations 

then either Acartia tonsa or T. turbinata (Fig. 5.7; Kruskal-Wallis ANOVA, P ≤ 0.0005; 

Dunn�s Method, P < 0.05).  

DISCUSSION 

Of the three copepod species examined, Temora turbinata was best able to avoid 

contact with the inner surfaces of the ctenophore. This finding is interesting since 

Kiørboe et al. (1999) reported a much higher threshold deformation rate of 6.5 s-1 for a 

congener of T. turbinata, T. longicornis, than for Acartia tonsa (0.38 s-1). Chapter 3 of 

this dissertation also reports a significantly higher threshold deformation rate for T. 

turbinata (10.01 s-1) than A. tonsa (2.02 s-1). T. turbinata was also better able to escape an 

encounter with the ctenophore once it contacted the sticky inner surfaces of the 

ctenophore. Copepods are most vulnerable to capture when their pereiopods become 

entangled in the mucus coating on the inner oral lobe surfaces. Several factors may 

contribute to the escape success of T. turbinata. First, the morphology of T. turbinata 

may reduce the number of captures. The rounded dorsal exoskeleton provides the largest 

surface area on T. turbinata. This large dorsal surface area may reduce the chance of a 

contact with the vulnerable pereiopods. Furthermore, T. turbinata has shorter antennal 

setae, suggesting that they are less susceptible to entanglement. The intermittent 



 88

swimming pattern displayed by Paracalanus parvus and Acartia tonsa may allow them to 

become entrained in the flow field and brought into the inner lobe area more frequently. 

Copepods are also capable of modifying their behavior relative to the type and 

strength of the associated stimulus. Kinetic performance of Paracalanus parvus and 

Temora turbinata has also been evaluated in response to an attacking fish, the blenny 

Acantheblemaria spinosa, and all three species were exposed to a repeatable near-field 

hydrodynamic stimulus (Chapters 2 and 4 of this dissertation). T. turbinata responded 

with the greater maximum and average speeds and maximum accelerations in response to 

the blenny compared to the near-field hydrodynamic stimulus. P. parvus had similar 

escape speeds to both the blenny and the ctenophore; however, accelerations were much 

greater in response to the ctenophore. The near-field hydrodynamic stimulus elicited 

much weaker escape responses in all three species in comparison to the blenny and 

ctenophore results. Copepod escape behavior indicates that the blenny and the ctenophore 

predators created stronger hydrodynamic stimuli and were perceived as a greater threat to 

survival than the near-field hydrodynamic stimulus.  

Copepod escape success from the ctenophore, Mnemiopsis leidyi, is a function of 

swimming behavior, body structure, and orientation at the time of contact. Their 

sensitivity to water movements may play only a minor role in their ability to successfully 

avoid capture by ambush-entangling predators such as the ctenophore, M. leidyi. In 

chapter 4 of this dissertation, copepods were also highly susceptible to predation by 

visual predators and were captured almost 80% of the times they were attacked.  

Although Paracalanus parvus has a significantly faster response latency and displays an 

intermittent swimming pattern, they were still captured frequently by the blenny, 

indicating that their perceptual advantage over Temora turbinata did not enhance their 

escape success. A similar result was found in the predator-prey interactions with M. 
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leidyi. T. turbinata escaped significantly more often than either P. parvus or the more 

sensitive, Acartia tonsa. Copepod escape success is therefore a complex process, 

resulting from the integration of various components which are difficult to predict 

considering the copepod�s ability to modify its behavior and the predators ability to 

adjust their attack behavior.   

In avoiding capture by flow-generating predators, copepods would benefit most 

from having a low sensitivity threshold so they would be able to detect the flow field. 

These predators also have large surface areas where capture may occur, and for this 

reason, the direction of response is an important variable. Since these predators do not 

attack their prey, latency and speed of response would not be important components.   

Estuarine copepods are capable of detecting and responding to small-scale hydrodynamic 

disturbances (Yen et al. 1992). The sensitivity of a common estuarine species, Acartia 

tonsa, has been examined by a number of researchers. In response to a siphon flow, the 

threshold shear value of adult A. tonsa has been reported as 1.5 s-1 by Fields and Yen 

(1997) and adjusted by Kiørboe et al. (1999) to a value of approximately 0.38 s-1. 

Independent measures by Kiørboe et al. (1999) supported this correction by calculating 

average threshold deformation rates of 0.34 s-1 for A. tonsa females. Buskey et al. (2002) 

exposed both A. tonsa and A. lilljeborgii to brief hydrodynamic disturbances created by 

the computer-controlled vertical movement of a small plastic cylinder. Acartia spp. 

showed net sensitivities ranging from 2.5 s-1 to 12 s-1, but responded to deformation rates 

as low as 0.4 s-1 (Buskey et al. 2002).  

Despite their abilities to detect minute fluid disturbances on the scale of 

nanometers (Yen et al. 1992; Buskey et al. 2002), copepods are still preyed upon and 

consumed by flow-generating predators, such as ctenophores, at high rates. Ctenophores 

have been estimated to crop as much as 31% of zooplankton population density daily 
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(Kremer 1979; Deason 1982; Bishop 1967). The water disturbances created by the 

ctenophore appear to be below the threshold for detection by many copepod species. As 

ambush-entangling predators, ctenophores rely on flow-generating mechanisms and the 

movement of their prey to initiate encounters. Ctenophores swim slowly through the 

water column at rates of 0.6 cm s-1 while foraging for prey (Matsumoto and Harbison 

1993; Kreps 1997). The low velocity flow field created by the constant beating of their 

auricular cilia may act to reduce the production of the forward bow wave made by the 

forward swimming ctenophore.  
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Table 5.1.  Terminology used for classification of predation events between copepods 
and a ctenophore predator, Mnemiopsis leidyi (modified after Holling 1959, 
1966; Waggett and Costello 1999). 

Behavior Criteria 

Encounter Initiated either by direct contact, lobe response by the ctenophore, or 
copepod escape reaction 

Contact Contact between a copepod and ctenophore or capture of a copepod 
by the ctenophore 

Escape reaction Rapid locomotor response by a copepod propelling the copepod 
forward at a high speed 

Escape Copepod avoids ensnarement and consumption 

Capture Copepod is consumed by the ctenophore 
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Figure 5.1.  Interaction sequence of a ctenophore-copepod interaction (modified after 
Holling 1959, 1966; Waggett and Costello 1999). Oval symbols refer to 
behavior mediated by the ctenophore and squares to the behavior of the 
copepod. 

ENCOUNTER CONTACT CAPTURE INGESTION

ESCAPE
ESCAPE  

REACTION 

DETECTION ESCAPE 
REACTION

ESCAPE 
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Figure 5.2.  Examples of routine swimming speed patterns for the three copepod species 
(A) Acartia tonsa, (B) Paracalanus parvus, and (C) Temora turbinata.  
Each path is based on the swimming path of a single copepod during a 10-s 
period. 
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Figure 5.3.  Percentage of copepod encounters with the inner and outer surfaces of the 
ctenophore�s (Mnemiopsis leidyi) oral lobes. 
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Figure 5.4.  Percentage of encounters with the ctenophore�s inner oral lobe surface that 
resulted in copepod capture or escape. 
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Figure 5.5.   Average speed achieved by copepods during escapes from the ctenophore, 
Mnemiopsis leidyi. Speeds of species that share the same letter (a, b) are not 
significantly different (Kruskal-Wallis one way ANOVA, P < 0.05). 
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Figure 5.6.  Average maximum speeds achieved by copepods during escapes from the 
ctenophore, Mnemiopsis leidyi. Speeds of species that share the same letter 
(a, b) are not significantly different (Kruskal-Wallis one way ANOVA, P < 
0.05). 
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Figure 5.7.  Average maximum accelerations achieved by copepods during escapes from 
the ctenophore, Mnemiopsis leidyi. Speeds of species that share the same 
letter (a, b) are not significantly different (Kruskal-Wallis one way 
ANOVA, P < 0.05). 
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Chapter 6: Summary   

Copepods are an important trophic link between phytoplankton and higher trophic 

levels in the oceanic food web.  As planktonic organisms, calanoids face several types of 

predators representing a variety of foraging tactics (Burrell and Van Engel 1976; Byron 

1986; Passarella and Hopkins 1991; Purcell 1992; Clarke 1992), yet they remain one of 

the most abundant metazoans. Humes (1994) estimated that approximately 11,500 

copepod species exist. The continued dominance of copepods in the planktonic 

environment results from their development of specific adaptations for avoiding detection 

and capture by predators. Copepods have evolved the ability to remotely detect predators 

(Viitasalo et al. 1998; Waggett and Costello 1999; Green et al. 2003) along with an 

extraordinary escape reaction which allows them to respond within milliseconds to 

threatening stimuli at speeds > 100 bl s-1 (Strickler 1975; Lenz et al. 2000; Buskey et al. 

2002). Copepod behavioral responses to fluid disturbances have been attributed to their 

ability to detect velocity gradients between their own body and the ambient fluid 

(Kiørboe et al. 1999). Certain mechanosensory setae, particularly those on the distal tips 

of their antennules, may extend beyond their surrounding boundary layer to penetrate the 

ambient fluid (Lenz and Yen 1993; Fields et al. 2002). If a nearby predator creates a 

hydrodynamic disturbance greater than a specific threshold level, either through an attack 

or nearby movement, setal bending should trigger an escape reaction.  

Myelin-like sheaths have been found within the first antennae, central nervous 

system, and other peripheral tracks of several representatives from three of the more 

recently evolved calanoid superfamilies, Megacalanoidea (Calanoidea), Eucalanoidea and 

Clausocalanoidea (Davis et al. 1999; Lenz et al. 2000; Weatherby et al. 2000). The 

myelin-like sheath is believed to act similarly to the myelin that coats the exterior 
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surfaces of vertebrate neurons by enhancing the speed of neural transmission (Ritchie 

1984). The shortest response latencies were reported by Lenz and Hartline (1999) and 

Lenz et al. (2000) for the myelinated species Undinula vulgaris and Neocalanus gracilis 

(Fig. 2.1; 1.9 ms). In this dissertation, response latencies as low as 2 ms were recorded 

for copepods from the more ancestral, non-myelinated superfamilies and no significant 

differences were found between the latencies of copepods from more derived 

(myelinated) and ancestral (non-myelinated) superfamilies. This suggests that although 

myelination may increase conduction speed of nerve impulses, the giant antennal 

mechanoreceptors (GAMs) present in copepods from ancestral superfamilies may 

provide a sufficient increase in conduction speed to facilitate rapid response latencies. 

Sensitivity thresholds were determined for three similarly-sized, neritic, calanoid 

species in response to a siphon-generated flow field. Acartia tonsa had a significantly 

lower threshold deformation rate (2.02 s-1) than either Paracalanus parvus or Temora 

turbinata. Calculated deformation thresholds were higher than previously reported values 

for calanoid copepods, including A. tonsa, possibly due to the use of wild-caught 

copepods. Further, the addition of small-scale turbulence reduced the mean reactive 

distance of A. tonsa, indicating that higher deformation rates were required to elicit 

escape responses. 

Copepod escape success was examined in response to two predators spanning the 

range of foraging tactics from the raptorial, vertebrate predator, the blenny 

(Acantheblemaria spinosa) to the ambush-entangling ctenophore (Mnemiopsis leidyi). 

Despite potential perceptual advantages of the intermittent swimmer Paracalanus parvus, 

both Temora turbinata and P. parvus were captured in over 80% of all encounters and no 

differences were found in their escape success. The blenny was found to modify attack 

speeds depending on prey type. Acartia tonsa had the greatest sensitivity to 
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hydrodynamic disturbances; however, the continuous cruiser T. turbinata, was best able 

to avoid and escape predation by the ctenophore M. leidyi, suggesting that an intermittent 

swimming pattern may be a disadvantage during interactions with flow-generating 

predators.   

Copepod escape success results from the integration of several escape reaction 

components. The importance of these components varies in response to predators with 

varying foraging tactics, and copepods are capable of modifying their behavior depending 

on the strength of the stimulus. Copepods displayed the greatest kinetic performance in 

response to the blenny which was also the most threatening stimulus.  In these 

experiments, copepods with greater perceptual abilities did not have higher escape 

success from predators. Instead, escape success was a complex interaction of several 

escape reaction components.  
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