
ABSTRACT
Most fish larvae have evolved to feed selectively
on complex natural assemblages of microzoo-
plankton prey, and motion patterns are an impor-
tant component in the recognition of particles as
potential food items. This is why live (swimming)
prey are often critical to the survival of larval fish.
In response to fish predation many zooplankton
species have also evolved adaptations to make
them less visible to potential predators, including
increased transparency and intermittent locomo-
tion. In addition, calanoid copepods have evolved
some of the most effective escape behaviors
found among aquatic organisms. Some copepods
can respond rapidly (< 3 milliseconds) to the
slight hydrodynamic disturbance caused by an
approaching predator, rapidly accelerating to
speeds of up to 800 body lengths per second.

Part of the challenge in choosing copepod
species for aquaculture applications is to select
species that are easier for larval fish to recognize
and that have less effective adaptations against
small visual predators. Since copepods are preyed
on by a wide array of predators ranging from pro-
tozoa to whales, they have evolved a wide variety
of behaviors that may make some species less
vulnerable to one type of predator but more vul-
nerable to others. In addition, environmental con-
ditions, including light and turbulence, may mod-
ify the effectiveness of some of these adaptations.
For example, many copepod species are difficult
to see in light with a natural angular distribution
(low image contrast), but become more easily vis-
ible under collimated illumination. In addition,

intermediate levels of turbulence not only in-
crease encounter rates between predator and prey,
but also inhibit escape responses of copepods
through production of background hydrodynamic
noise, which masks the approach of the predator,
and through habituation of the copepods to small
hydrodynamic disturbances.

INTRODUCTION
The science of rearing larval marine fish in captiv-
ity would be greatly simplified if marine fish lar-
vae would readily consume artificial diets; the
only challenge would be determining the nutri-
tional requirements and correct size of particles
for optimal growth of the species in question.
Most fish larvae, however, have evolved to feed
selectively on complex natural assemblages of
zooplankton prey, and size, visibility, and motion
patterns are important components in the recogni-
tion of particles as potential food items (Buskey et
al. 1993). As a consequence, live (swimming) prey
are often critical to the survival of larval fish
(Watanabe et al. 1983). Many zooplankton spe-
cies, however, have also evolved adaptations to
avoid predation. Therefore, to successfully culture
larval and juvenile fish, it is important to consider
the factors affecting this predator–prey interaction
and to choose conditions and prey species that
favor the larval fish predator and maximize growth
and survival of cultured species.

Artemia nauplii, which can be conveniently
hatched from easily stored cysts, have been exten-
sively used in larval fish culture (Leger et al.
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1986). Due to the large size of Artemia nauplii,
some fish species are first fed the easily cultured
rotifer Brachionus plicatilis followed by Artemia
nauplii. Supplementing Artemia diets with wild-
collected zooplankton has led to better survival
and growth of larval fish (e.g., Witt et al. 1984).
These results have led to doubts regarding the nu-
tritional suitability of Artemia for larval fish, es-
pecially in terms of its fatty acid composition
(Watanabe et al. 1983), and raised interest in
copepods as a potential alternative food for rear-
ing larval fish. In nature, copepods are a major
dietary component for marine fish larvae (May
1970; McMichel and Peten 1989). They have also
been used in aquaculture as food for marine fish
larvae (Houde 1973) and have proven a superior
food source for rearing fish and crustaceans in
intensive culture (Watanabe et al. 1983; Støttrup
and Norsker 1997; McEvoy et al. 1998). The
great number of species and sizes potentially
available for aquaculture (Delbare et al. 1996) is
further evidence of their suitability as a food
source.

Cultivation of planktonic copepod species,
mainly calanoids, has generally been limited in
practical application by the low densities
achieved in culture (Støttrup and Norsker 1997).
Although species that protect their eggs by carry-
ing them in clusters may experience lower mor-
tality (Kiørboe and Sabatini 1994), in general,
copepod species that free-spawn their eggs have
higher fecundity than species in which females
carry their eggs in clusters (Mauchline 1998).
Overcrowding can decrease fecundity in some
species (Miralto et al. 1996) or result in cannibal-
ism of nauplii (Lonsdale et al. 1979; Ohno et al.
1990). While harpacticoid copepods have been
cultured in high densities, their benthic nature
may make them less readily available to fish lar-
vae. The nauplii of some harpacticoids, however,
exhibit positive phototaxis, compared to the neg-
ative phototaxis of adults, making them easy to
harvest from the surface layers of a culture
(Strøttup and Norsker 1997). Recent studies with
the swarm-forming cyclopoid copepod Dioithona
oculata suggest that this species may be a good
candidate for high-density culture (Hernandez
Molejon and Alvarez-Lajonchere 2003). This
species lives in swarms that can reach densities of
over 50,000 copepods/L (Buskey et al. 1996). 

While the major factors affecting the decision

of which copepod species to culture for aquacul-
ture applications have rightfully centered around
their ease of culture and potential for mass cul-
ture, it is also worthwhile to consider the behav-
ioral characteristics of various copepod species
and how these characteristics may affect their
availability as prey to larval fish. A wide range of
predators feed on copepods, ranging from proto-
zoa to whales (Greene 1985), and the adaptations
that help protect copepods from one type of pred-
ator might be ineffective against other groups of
predators. Copepod predators can be classified in
several ways. There are active predators, such as
fish that seek out their prey, and passive preda-
tors, such as corals or jellyfish that rely on cope-
pods swimming into tentacles or being carried
there by currents. Active predators can also be
classified by the dominant sensory systems used
to locate prey, making for a natural division be-
tween visual and nonvisual predators. Most
planktivorous fish are visual predators (Hunter
1981; Blaxter 1991) that feed on individual prey
by rapidly sucking in the water surrounding them
(Lauder 1983), although a few species of plank-
tivorous fish may feed primarily by filtering
plankton from the water (Durbin and Durbin
1975); some species are capable of both feeding
modes (e.g., O’Connell 1972) or switch between
them during ontogeny (e.g., Drenner et al.
1982a). Visual predators typically feed selectively
on the largest and most conspicuous zooplankton
species, based on body size, pigmentation, and
prey motion (Brooks and Dodson 1965; Zaret and
Kerfoot 1975; Zaret 1980). For filter-feeding fish,
it might be expected that these planktivores
would randomly sample their food environment
within a particular size range determined by the
morphology of their feeding structures. Prey
avoidance, however, can significantly alter prey
selection in filter-feeding fish, causing them to
feed more successfully on smaller, less evasive
prey (Drenner and McComas 1980; Drenner et al.
1982b).

Fish are often not the dominant predators on
zooplankton (Cushing 1983; Bollens 1988; Dagg
and Govoni 1996). Therefore, invertebrate preda-
tors may be a major selective force in the evolu-
tion of antipredator adaptations, and their impact
on copepod populations must be considered at
least briefly. Under some circumstances inverte-
brates may be the dominant predators on zoo-

92 Chapter 8



plankton in marine environments (e.g., Ohman
1986; Behrends and Schneider 1995) and may
therefore play an important role in the evolution
of antipredator adaptations. Invertebrate preda-
tors on zooplankton can be distinguished as either
cruising or ambush predators (Greene 1985).
Cruising predators tend to prey upon slow-
moving prey, while ambush predators, which rely
on the swimming behavior of the prey to initiate
encounters (Gerritsen 1978), tend to favor prey
with higher swimming speeds. Invertebrate pred-
ators can also be characterized according to the
means by which they capture their prey (i.e., rap-
torial versus entangling predators). Although
some raptorial invertebrate planktivores rely upon
vision to locate prey (e.g., crustaceans with com-
pound eyes and good visual acuity), many rely
upon mechanoreception (e.g., chaetognaths
[Newbury 1972] and predatory copepods [Strick-
ler 1975]). Thus the encounter radius for the pred-
ator can be defined by its optical or mechanosen-
sory range, resulting in selection for more
visually or hydrodynamically (respectively) con-
spicuous prey. The encounter radius for entan-
gling predators, on the other hand, is defined by
the volume occupied by tentacles (Madin 1988).
In those systems where they are the dominant
predators on zooplankton (e.g., Kremer 1979;
Deason 1982; Purcell 1992), entangling predators
may favor prey with higher swimming speeds and
therefore higher encounter rates with predators.

Zooplankton that have evolved in extreme or
temporary habitats are often exposed to fewer
predators, and, as a consequence, may have
evolved fewer adaptations to avoid predation. In
addition, they may also be easier to culture be-
cause of their adaptations to extreme or changing
environments. For example, the brine shrimp
Artemia salina is widely used as live food in large
part because it is easily raised from dormant
cysts, has broad tolerance to varying temperature
and salinity conditions, and has the added advan-
tage of being a highly visible prey with virtually
no escape behavior (Buskey et al. 1993). Simi-
larly, tide pool copepods, such as the harpacticoid
Tigriopus californicus, are often easier to culture
than many coastal marine species (Fukusho
1980), in part because of their tolerance to highly
fluctuating tide pool environments. Cyclopoid
copepods of the genus Apocyclops, which are
characteristic of coastal saline pools and ponds

(Reid et al. 2002), are also extremely easy to cul-
ture (Buskey unpublished data) and may be of
value in aquaculture (James and Al-Khars 1986).

To understand the characteristics that make a
copepod species suitable for larval fish culture, it
is advantageous to consider the biology and ecol-
ogy of the predator–prey interactions between
larval and juvenile fish and copepods. A conven-
ient framework for considering this interaction is
to consider the four primary components of a
predator–prey interaction (encounter, attack, cap-
ture, and ingestion) as suggested by Holling
(1959) (see, for example, Gerritsen and Strickler
1977; Greene 1983; Ohman 1988). By studying
each of these components and the biological and
environmental factors that affect them, a better
understanding of the overall predator–prey inter-
action may be gained.

FACTORS AFFECTING
ENCOUNTER PROBABILITY
For a predator–prey interaction to occur, the pred-
ator must encounter the prey either through direct
contact with feeding structures or by remotely de-
tecting its prey using one or more sensory sys-
tems. Gerritsen and Strickler (1977) modeled the
factors affecting predator–prey encounter rates in
aquatic systems, including the speed of the pred-
ator, the speed of the prey, and the distance at
which a predator is able to detect the presence of
prey (encounter radius). In its simplest form this
model assumes a random distribution of prey, ran-
dom swimming direction, and no water motion.
Of the variables used in this model (population
density, speeds of predator and prey, encounter
radius), encounter radius has the greatest effect
on encounter probabilities. In a later study exam-
ining the effects of swimming direction, it was
determined that cruising predators can maximize
their encounter rates by swimming orthogonally
to the predominant prey direction, while prey can
minimize their encounter rates by swimming par-
allel to predators (Gerritsen 1980). This en-
counter model was later modified to include the
effects of turbulent mixing on encounter rates
(Rothschild and Osborn 1988).

In calculation of encounter rates, predator and
prey movement speeds are theoretically of equal
importance. Larval fish are primarily cruising
raptorial feeders whose routine swimming speeds
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are often in the range of one to three body lengths
per second (Miller et al. 1988). Their copepod
prey have similar swimming speeds (in terms of
body length), ranging from less than one to about
five body lengths per second (summarized in
Mauchline 1998). Since copepods are generally
much smaller than their fish predators, their ab-
solute swimming speeds are generally much
lower than those of their predators, and prey
swimming speeds have relatively little effect on
encounter rates. This is especially true for early
naupliar stages of copepods, which (due to their
small size) would be the logical choice as food for
larval fish in aquaculture applications. For cope-
pods there is a general pattern of increased swim-
ming speed with both body size and developmen-
tal stage (Fig. 8.1). Early naupliar stages of
copepods are often nonfeeding (Gauld 1959;
Marshall 1973); in some genera (mainly deep sea
or predatory species), none of the naupliar stages
feed (Sekiguchi 1974). These nonfeeding devel-
opmental stages tend to conserve energy reserves
and make themselves less conspicuous to preda-
tors by swimming less vigorously than feeding
nauplii; very low swimming speeds have gener-
ally been found among early naupliar stages of
copepods (Gerritsen 1978).

Another factor that may affect encounter fre-

quencies is an uneven, heterogeneous distribution
of prey. Early studies of larval fish feeding em-
phasized the concept that certain minimum
thresholds of food concentration were necessary
for the survival of larval fish and that these often
occurred in spatially limited, high-density
patches, such as the chlorophyll maximum layer
(Lasker 1975). Taken to the extreme, however,
exceptionally high prey densities, such as cope-
pod swarms, may have a negative impact on vi-
sual predators such as larval fish. Dense swarms
of copepods have been reported from a wide
range of marine habitats, including coastal bays,
coral reefs, and among mangrove prop roots
(Emery 1968; Ueda et al. 1983; Ambler et al.
1991). Even Artemia, an important food item for
rearing larval fish, is known to form swarms
within culture tanks (Gulbrandsen 2001), which
in turn affects ingestion rates of larval fish (Gul-
brandsen 1996). The adaptive value of swarming
behavior to copepods is thought to include en-
hanced mating opportunities, reduced dispersion
by currents, and protection from predators
(Hamner and Carlton 1979).

Although aggregated prey may initially be
more conspicuous to visual predators (Vine 1973;
Treisman 1975), especially within the confines of
a tank for rearing larval fish, feeding on individ-
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Figure 8.1. Changes in mean swimming speed over the developmental stages of the
calanoid copepod Acartia tonsa from naupliar stage NI on day 1 through adult cope-
pods on day 13. From Buskey (1994) with permission of Kluwer Academic Publishers.



ual prey within a swarm may be more difficult
than feeding on isolated individuals because of
the confusion effect caused by a great number of
uniform moving targets (Neill and Cullen 1974).
This confusion effect is enhanced by increasing
the number of individuals in an aggregation (Neill
and Cullen 1974), through high density within a
swarm (Millinski 1977a, 1977b; Morgan and Ritz
1984), and by uniformity of individuals within a
swarm, since visually conspicuous swarm mem-
bers are most at risk (Ohguchi 1978). While
swarming behavior may be an effective defense
against visual planktivores, it may make them
more vulnerable to nonvisual entangling preda-
tors such as cubozoan medusae that can use pho-
tobehavior to locate swarms (Buskey 2003).

Turbulence may also have an important effect
on encounter rates between planktonic predators
and their prey. Early attention was given to the
role of vertical mixing in breaking down patchy
areas of high food concentration, which in turn
could lead to decreased feeding and survival of
fish larvae (Lasker 1975). Rothschild and Osborn
(1988) modeled the effects of turbulence on con-
tact rates between planktonic organisms as an ex-
tension of the encounter rate model of Gerritsen
and Strickler (1977). Mackenzie et al. (1994)
modeled the effects of wind-induced turbulence
on encounter rates between fish larvae and their
prey and on capture success of prey by larval fish.
They predicted a dome-shaped relationship for
the effects of turbulence on feeding rate, with
moderate levels of turbulence leading to the
greatest enhancement of feeding rate. Field stud-
ies have confirmed the role of moderate turbu-
lence in enhancing the feeding rates of larval fish
(e.g., Sundby et al. 1994).

FACTORS AFFECTING ATTACK
PROBABILITY
What characteristics of zooplankton prey cause
them to be recognized as potential food for larval
fish? Most predator–prey interactions in the
plankton that involve remote detection of prey are
mediated through vision or mechanoreception.
There is relatively little evidence for chemorecep-
tion being involved in detection of zooplankton
prey, although there is evidence for its use in mate
location among copepods (Katona 1973). Larval
and juvenile fish are primarily diurnal, visual pre-

dators (Hunter 1981), and feed selectively when
presented with prey choices (e.g., Checkley 1982;
Govoni et al. 1986), indicating that certain prey
characteristics are more likely to induce attacks
by larval fish.

Prey size has been widely recognized as an im-
portant factor in the feeding of planktivorous fish.
Since Brooks and Dodson (1965) demonstrated
body size–related predation by planktivorous fish,
there has been a wealth of information published
on this aspect of visual predation on zooplankton
prey. In general, preferred prey organisms lie
within a size range that varies with fish species
and size, below which prey are too small either to
be seen or to be energetically profitable to con-
sume and above which there are physical limita-
tions to prevent ingestion. For example, Artemia
nauplii are too large for first-feeding larvae of
some species to ingest, but small enough to es-
cape detection by larger fish. Copepod nauplii
occur in a wide range of sizes, with copepod
species that carry eggs producing relatively larger
eggs and nauplii than those species that free-
spawn their eggs (Kiørboe and Sabatini 1994).

In addition to size, there is also evidence that
both illumination and prey contrast can affect the
feeding and growth of larval and juvenile fish
(Vinyard and O’Brien 1976; Hinshaw 1985).
Some zooplankton species are nearly transparent,
and only the portions of their bodies with in-
creased pigmentation may be visible (Zaret 1972;
Zaret and Kerfoot 1975). The first, nonfeeding
naupliar stages of copepods may have signifi-
cantly lower image contrast than older feeding
stages (Fig. 8.2). For zooplankton that live near
the surface in clear waters, there may be a trade-
off between increased risk of damage from ultra-
violet light due to low pigmentation and higher
risk of predation if protective pigments are pro-
duced (Hansson 2000). The distance at which
prey are visible underwater depends on prey size,
image contrast, ambient illumination, and the tur-
bidity of the water (Eggers 1977; Aksnes and
Giske 1993; Aksnes and Utne 1997). Because
nearly transparent zooplankton have low image
contrast when viewed against a bright back-
ground, planktivorous fish can enhance the con-
trast of their prey by searching for them at angles
greater than 48.6 degrees from the vertical, which
places their image just outside of Snell’s window
and makes them appear bright against a dark
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background, similar to observing them under
dark-field illumination with a microscope (Jans-
sen 1981).

In coastal bays and estuaries, where the density
of nonfood particles is very high, zooplankton
prey may be difficult to recognize, based on size
and image contrast alone. There is increasing ev-
idence that prey recognition by planktivores may
be strongly influenced by prey movement (Zaret
1980; Wright and O’Brien 1982). The steady,
jerky swimming of Artemia nauplii appear to
make it easily recognized as food by a wide range
of larval fish. Most copepod nauplii exhibit in-
termittent locomotion (Buskey et al. 1993), with
periods of jerky swimming interspersed with pe-
riods of quiescence (Fig. 8.3). This behavior pat-
tern may not only make it more difficult for visual
predators to keep track of their prey, but may also
allow the nauplii to detect the approach of preda-
tors using mechanoreception during periods of no
motion (Kramer and McLaughlin 2001). The ac-
tivity levels of copepod nauplii differ greatly
among species, and this may influence their con-

spicuousness as food for larval fish. For example,
nauplii of Parvocalanus crassirostris hop with a
frequency of about once per second, while nauplii
of Oithona plumifera often go for periods of up to
10 seconds without moving (Buskey et al. 1993).
In general, it would be expected that copepod
nauplii with more continuous swimming behavior
would be more easily recognized as prey by lar-
val fish.

While there is considerable evidence that mech-
anoreception plays an important role in predation
on zooplankton by invertebrate predators (e.g.,
Yen and Strickler 1996), the role of mechanore-
ception in predation by larval fish is less clear.
There is evidence that some species of juvenile
and adult fish feed raptorially on zooplankton in
the dark, based on mechanoreception of hydrody-
namic signals by the lateral line (Montgomery and
Saunders 1985; Montgomery 1989; Janssen et al.
1995), as well as evidence that some species filter
feed in the dark (Batty et al. 1986). There is also
evidence that larval fish use their developing lat-
eral line to detect zooplankton in the dark (Batty
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Figure 8.2. Changes in image area (visible size) and image contrast (image brightness minus
background brightness, divided by background brightness) over developmental stages for the
calanoid copepod Acartia tonsa, over 13 days of development from naupliar stage NI through 
adult. From Buskey (1994) with permission of Kluwer Academic Publishers.



and Hoyt 1995; Salgado and Hoyt 1996), but the
importance of this feeding mode and the extent to
which it is used in various species of larval fish
needs further study. Conditions that favor visual
predation of fish larvae, along with prey possess-
ing high visual conspicuousness, should lead to
highest feeding rates in aquaculture applications.

FACTORS AFFECTING CAPTURE
PROBABILITY
Once a copepod has been detected and attacked
by a larval fish, the probability of capture is af-
fected primarily by the escape behavior of the

copepod. The vigorous escape behaviors of cope-
pods represent important adaptations for avoiding
predation and may play an important role in the
selective feeding of planktivores (Drenner et al.
1978). These escape responses can be elicited by
hydrodynamic (Hartline et al. 1999; Kiørboe et
al. 1999; Lenz and Hartline 1999) and photic
stimuli (Buskey et al. 1986; Buskey and Hartline
2003). It is generally accepted that water defor-
mation is the primary effective stimulus to elicit
an escape response by copepods (Haury et al.
1980; Yen et al. 1992; Kiørboe and Visser 1999).
Rapid changes in light intensity (such as caused
by a shadow during the day) or rapid increases in
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Figure 8.3. Representative records of swimming speed over time for the
calanoid copepod Acartia tonsa NI nauplius (top panel) and adult female
(bottom panel). Both stages exhibit a highly conspicuous, intermittent
swimming pattern. From Buskey (1994) with permission of Kluwer
Academic Publishers.



light intensity (such as the flash of a biolumines-
cent organism at night) trigger photophobic es-
cape responses (Buskey et al. 1987). Chemosen-
sory detection of predators by copepods may
cause a reduction in swimming activity, perhaps
making them less easily detected by planktivo-
rous fish (Van Duren and Videler 1996), but
chemoreception does not directly stimulate es-
cape behavior.

Several factors may determine the effectiveness
of copepod escape responses, including sensitivity
to hydrodynamic stimuli, response latencies, and
kinetic characteristics of the escape jump itself
(Buskey et al. 2002). Several studies have at-
tempted to determine hydrodynamic sensitivity
thresholds (Viitasalo et al. 1998; Kiørboe and
Visser 1999), but information on threshold sensi-
tivity to hydrodynamic disturbances is only avail-
able for a small number of copepod species at
present. Preliminary studies indicate that there are
pronounced differences in hydrodynamic sensitiv-
ity among copepods (Fields and Yen 1997;
Waggett and Buskey, unpublished data). There ap-
pears to be little change in sensitivity to hydrody-
namic stimuli with increasing age and develop-
mental state for nauplii and early copepodids of
Acartia tonsa; the distance at which they respond
to a standardized siphon flow is similar for all nau-
pliar stages, although an increase in sensitivity is
observed during the transition from the last nau-
pliar stage (NVI) to the first copepodid stage (Fig.
8.4). Sensitivity thresholds are affected by the
amount of ambient hydrodynamic noise in the en-
vironment, and escape responses may be reduced
due to habituation in highly turbulent conditions
(Hwang et al. 1994). Recent studies have demon-
strated that planktivorous fish with low success
capturing evasive prey (copepods) and high suc-
cess at capturing nonevasive prey (Artemia) under
still water conditions increase their success at cap-
turing evasive prey and decrease their success at
capturing nonevasive prey under turbulent condi-
tions (Clarke et al., unpublished). This suggests
that turbulence is either providing too much back-
ground noise for the copepod to distinguish the
hydrodynamic signal associated with the approach
of the predator or that the copepod has habituated
to all small hydrodynamic fluctuations and does
not respond to the predator’s approach. Therefore,
addition of moderate levels of turbulence to larval
rearing tanks might increase the encounter rates

between predator and prey (MacKenzie et al.
1994; Sundby 1997) as well as reduce the ability
of prey to detect their predators. 

The time delay between the stimulus and be-
havioral response is a critical component of the
escape response of an organism. Extremely short
latencies (< 1 millisecond) to the first preparatory
movement of an escape response to hydrody-
namic stimuli have been demonstrated in cope-
pods possessing myelinated nervous systems
(Davis et al. 1999; Lenz and Hartline 1999; Lenz
et al. 2000). These are among the fastest response
times recorded for animals (Lenz et al. 2000) and
are faster than even the Mauthner-mediated fast
start reaction in adult zebra fish (5 milliseconds)
(Eaton et al. 1977). Response latencies to photic
stimuli are considerably longer; for adult A.
tonsa, the minimum response latency to a hydro-
dynamic stimulus is 2 milliseconds (Buskey et al.
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Figure 8.4. Changes with development in capture
probability of Acartia tonsa naupliar stages by a siphon
tube from NI nauplii on day 1 to NVI nauplii on day 6
(top panel), and mean reaction distance for nauplii
exhibiting escape responses (bottom panel). Capture
probability decreases with naupliar development, with
little change in reaction distance, indicating that the
strength of escape responses is increasing rapidly with
development. From Buskey (1994) with permission of
Kluwer Academic Publishers.



2002), while the minimum response latency to a
photic stimulus is 30 milliseconds (Buskey and
Hartline 2003). Visual response latencies for
small fish are also approximately 30 millisec-
onds, providing a response time advantage to
copepods that detect the approach of their preda-
tors with hydrodynamic signals over predators
that detect their prey visually. Although fewer
studies have focused on response latencies of
early developmental stages of copepods, recent
evidence indicates that response latencies to hy-
drodynamic stimuli are significantly longer for
copepod nauplii than for adult stages. For exam-
ple, the response latency to a hydrodynamic dis-
turbance for a first naupliar stage A. tonsa aver-
ages about 27 milliseconds, compared to about

3.5 milliseconds for adults (Buskey et al. 2002;
unpublished data).

In addition to quick response times, copepods
also have extremely vigorous escape responses
that are among the fastest of any aquatic organ-
isms (Fig. 8.5). Maximum escape speeds of up to
840 mm/sec (approximately 800 body lengths/
sec) have been recorded for the copepod Acartia
lilljeborgii, with maximum accelerations exceed-
ing 300 m/sec (Buskey et al. 2002). This compares
with maximum-burst swimming speeds that can
be as high as 400 mm/sec (approximately 80 body
lengths/sec) for small larval fish (Williams et al.
1996). Copepod escape jumps are also character-
ized by a rapid initial change in direction of about
50 degrees (but ranging from 0 to 180 degrees;
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Figure 8.5. Representative records of swimming speed over
time for escape responses of A. tonsa NI nauplius (top) and
adult (bottom), based on high-speed video recordings at
1,000 frames per second. Vertical dashed line indicates onset
of hydrodynamic stimulus. Bottom graph from Buskey et al.
(2002) with permission of Inter-Research Science Publisher.



Buskey et al. 2002). This may make it very diffi-
cult for visual predators to anticipate the direction
of the escape trajectory. Less is known about the
detailed kinetics of escape responses of copepod
nauplii, but they have effective escape responses
to hydrodynamic stimuli (Yen and Fields 1992)
and the effectiveness of their escape behavior in-
creases with developmental stage, due mainly to
an increase in the vigor of the escape response
(Buskey 1994). While the maximum escape
speeds of copepod nauplii are considerably slower
than those found for adults (about 60 mm/sec for
NI A. tonsa nauplii; Fig. 8.5), they are similar to
adult speeds when scaled to their size (600 body
lengths/sec for a 0.1-mm A. tonsa NI and 500
body lengths/sec for a 1-mm adult A. tonsa;
Buskey et al. 2002). While the motion kinetics of
escape behavior are well characterized for only a
limited number of copepod species, as more
species are studied, it is expected that a wide range
of escape characteristics will be found among
copepod species. For example, the swarm-forming
copepod D. oculata, while a very active swimmer,
seems to lack the capability for the vigorous es-
cape response found in most planktonic copepod
species (Buskey, unpublished data). When choos-
ing copepod species for aquaculture, those with
less effective escape behaviors might be favored.

FACTORS AFFECTING
INGESTION
Once prey have been attacked and captured, there
is still a small probability that the predator may
reject the prey and release it. The reasons for prey
rejection could include size (too big to ingest),
morphological adaptations such as spines to deter
predation, or chemical adaptations to make the
prey toxic or unpalatable.

There are numerous examples of morphologi-
cal adaptations to avoid predation among fresh-
water zooplankton, including spines on rotifers
and helmets on cladocerans that are induced by
the presence of predators (e.g., Stemberger and
Gilbert 1987; Tollrian 1995). Although spination
is a common characteristic of many marine plank-
tonic organisms, spines have only rarely been
shown to effectively deter predation by fish; for
example, the prominent spines of crab zoea (Mor-
gan 1989) and the setae of polychaete trocho-

phores (Pennington and Chia 1984). Although
planktonic copepods generally do not have suffi-
ciently formidable spines to serve in an antipreda-
tor function, some harpacticoid copepods have
stout, elongated caudal setae that cause planktiv-
orous fish to reject them after capture (Buskey,
unpublished data). There are no known reports of
chemical defenses in copepods that would make
them poisonous or distasteful to their predators.
Chemical defenses have been found in marine in-
vertebrate larvae (Lindquist and Hay 1996) and
freshwater zooplankton (Kerfoot 1982).

CONCLUSION
While the ease of establishing highly productive
cultures will be the main factor affecting the
choice of copepod species to act as food for rear-
ing of marine fish larvae, an awareness of the
physical and behavioral characteristics of cope-
pods that affect their ability to avoid predation, as
well as environmental factors that reduce the ef-
fectiveness of antipredator characteristics, may
lead to enhanced feeding rates of fish larvae and
improved survival and growth. Copepod species
from harsh or temporary environments may have
wide environmental tolerances and lack sophisti-
cated antipredator adaptations. Environmental
conditions in larval rearing tanks may also be
optimized in terms of lighting that provides high-
contrast images of zooplankton and water circula-
tion to provide enough turbulence to both in-
crease encounter rates and deter escape responses
of prey. These modifications may defeat some
predator avoidance adaptations in copepods and
enhance feeding rates of larvae.
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