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Abstract

The ability to detect a predator is very important to prey, allowing them to assess the risk of
predation and determine the appropriate course of action. Fathead minnows, Pimephales
promelas, have the ability to detect predators through visual, chemical and possibly
mechanosensory cues. The predominant chemical cue used by minnows is alarm substance, a
chemical released when the skin of a minnow is damaged. Previous research assumed that alarm
substance was a pheromone designed to alert other members of the shoal of danger. If
individuals sensed alarm substance, they were expected to react regardless of the context.
Recent studies have created a controversy by demonstrating the response to alarm substance is
dependent on the context (i.e., the level of risk) in which it is encountered. I propose that the
response to alarm substance is not only determined by the level of risk, but also by the
availability of information through the other senses.

I developed a sensory compensation model that assumes the concentration of alarm
substance necessary to generate an antipredator response decreases as the predation risk and the
turbidity level increases. Animals are predicted to be more willing to respond to alarm substance
in a high risk or low visibility encounter. The model predicts that minnows would not respond
to alarm substance at low risk levels in low turbidity but would in high turbidity. Two
experiments were conducted to test the predictions of the model by manipulating the level of
risk. The first experiment modified risk sensitivity with hunger levels and the second altered risk
of predation through the availability of cover.

The results provide strong support for the sensory compensation model. When visibility

was reduced or when the level of risk was increased, minnows were more willing to respond to
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alarm substance. The results demonstrated that fish are capable of adjusting their sensitivity to
chemical cues based on the level of risk and the availability of visual information. This indicates
that minnows in turbid water may have the ability to modify their behavior in an effort to

decrease their mortality rates.
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Introduction

1. Importance of detecting predators: risk of predation and its ecological importance
Failure to perform an activity is rarely as serious as failing to avoid a predator. Encountering a
predator may result in death, potentially eliminating all future reproductive success (Lima and
Dill 1990). To deal with predators, prey have evolved various adaptations including cryptic and
warning coloration and protective armor (Abrahams 1994, 1995; Alcock 1993; Andraso and
Barron 1995). These adaptations provide a set morphological defense against predators because
predation pressure varies little over evolutionary time (Lima and Dill 1990). During an animal’s
lifetime, the risk of predation can vary significantly over small time scales. Prey should be
sensitive to the risk of predation and modify their behavior to complement any morphological
adaptations.

The probability of death as a result of an encounter with a predator can be described by
three parameters: the encounter rate between predator and prey, the probability of death given an
encounter, and the time spent vulnerable to an encounter (Lima and Dill 1990). An encounter
occurs when the distance between the predator and prey is less than the radius of the larger of the
two detection distances. If the prey detects the predator first, the prey has the ability to assess the
encounter and decide on the appropriate response (Ydenberg and Dill 1986). If the predator
detects the prey first, the prey has a much greater probability of death (Lima and Dill 1990). The
probability of detection of prey by predators should be determined by both the behavior of the
predators and their prey. Martel and Dill (1995) demonstrated that juvenile coho salmon
(Oncorhynchus kisutch) decreased their activity levels when threatened with a visual predator

stimulus. This resulted in reduced success of the predator which indicated a situation where prey



behavior may be more important. An animal can also reduce its risk of predation by reducing the
amount of time spent in areas of numerous predator-prey encounters or by increased feeding
close to protective cover (McLean and Godin 1989; Lima and Dill 1990). The magnitude of these
responses will be positively correlated with their mortality rate (Abrahams 1995) but these
behaviors can be expensive because they eliminate the ability to perform other essential activities
(Reissen 1992). Dashing to cover or reducing activity can result in reduced mating activity, lower
offspring investment or reduced foraging (Holomuzki and Short 1988). By enhancing the ability
to detect predators, prey will be able to perform more essential activities such as locating food or

mating.

2. How to detect predators

The ability to detect predators is very important for prey. This ability benefits prey in several
ways. Predator detection aliows the prey to assess the situation and respond appropriately given
the costs of each possible course of action (Ydenberg and Dill 1986). If it will be an encounter
with a high risk of predation, the prey can respond with the appropriate anti-predator behavior.
Also, correctly identifying individuals which are not predators allows prey to avoid wasting
energy and time on unnecessary anti-predator responses (Gelowitz et al. 1993). To detect
predators, fish can acquire information directly or indirectly by monitoring the behavior of others

(Fuiman and Magurran 1994, Abjérnsson et al. 1997, Koops 1998).

2.1 Visual
Motion detection and the use of peripheral vision may be important in initially detecting the

presence of a predator (Fuiman and Magurran 1994). Once the predator is detected, prey can



determine the best course of action (Ydenberg and Dill 1986) and many species approach
potential predators (Pitcher et al. 1986). Magurran (1990a) found that predator inspection
behavior and predator awareness led to reduced attack rates by the predator. Jachner (1995)
showed that a species of cyprinid (4/burnus alburnus L.) did not respond to the sight of a live
predator placed in a tank separate from the test aquarium. As it was satiated throughout the
experiments, the predator did not display any interest in the potential prey (Jachner 1995).
Experiments indicate that through predator inspection behavior, fish can assess the identity of the
predator and the probability it will attack (Magurran and Girling 1986; Magurran and Pitcher
1987; Magurran 1990b). Magurran and Girling (1986) introduced stalking pike models (Esox
lucius) of varying detail to groups of European minnows (Phoxinus phoxinus). After visual
predator inspections, the minnows reacted most significantly to the most realistic model. By
recognizing potential predators, prey eliminate the possibility of wasting energy reacting to non-

predators (Magurran and Girling 1986; Gelowitz et al. 1993).

2.1.1 Public information - the behavior of others

Public information is acquired from the behavior of other animals (Valone 1989) and an
individual can respond to danger by observing the behavior of animals in adjacent areas
(Verheijen 1956; Magurran and Higham 1988; Gerkema and Verhulst 1990; Suboski ez al.

1990). Verheijen (1956) performed experiments where visual induction of the fright reaction
occurred between groups of minnows in two separate tanks. The alarm substance was introduced
into one tank and those fish displayed the fright reaction. The fish in the adjacent tank observed
the reaction and reacted in the same manner. This has also been demonstrated with zebra danios

(Brachydanio rerio; Suboski et al. 1990) and with European minnows responding to visual alarm



stimuli (Magurran and Higham 1988). This phenomenon is not limited to fish as it has also been
shown in other social animals. Gerkema and Verhulst (1990) showed that common voles,
Microtus arvalis, exposed to predator models displayed escape responses. Neighboring voles,

who could not see the model, also responded provided they could see the model-exposed voles.

2.2 Chemical

Recognition of predators through chemosensory cues has been demonstrated for a wide variety of
vertebrates (Weldon 1990). Prey have been found to react to the presence of chemical stimuli
from their predators (brook stickleback: Gelowitz et al. 1993; crayfish: Blake and Hart 1993;
Daphnia: Pijanowska 1997; dytiscid beetle: Abjornsson er al. 1997; fathead minnows: Chivers
and Smith 1994a, b, 1995; Mathis and Smith 1993a, b; geckos: Dial and Schwenk 1996,
Schwenk 1993; mayflies: Peckarsky 1980; rats: Heale and Vanderwolf 1994)). Fathead minnows
(Pimephales promelas) can learn to avoid areas frequented by their predators with the use of
chemical cues in their predators’ diet (Mathis and Smith 1992a; Brown et al. 1995). Even
predator-naive prey have the ability to recognize the chemical stimulus of a predator when that
predator had consumed conspecifics (Mathis and Smith 1992a; Brown et al. 1995). Fathead
minnows can also use chemical stimuli to discriminate natural shoal-mates from unfamiliar
conspecifics (Brown and Smith 1994; Chivers et al. 1995). Individuals that associate with
familiar shoal-mates demonstrate increased shoaling efficiency or cohesiveness (VanHavre and
FitzGerald 1988) and therefore have enhanced predator evasion ability (Magurran and Pitcher

1987).



2.2.1 Alarm Substance

Alarm substance, also called Schreckstoff, was first discovered by Karl von Frisch (1938) with
European minnows. It was later determined that the alarm substance is produced in the epidermal
club cells and is released when the skin is ruptured, as occurs during a predator attack (Pfeiffer
1962; 1963a,b). The primary function of this substance is believed to be to warn conspecifics of
the presence of a predator (Pfeiffer 1963a; Smith 1992; Fuiman and Magurran 1994). Upon
detecting alarm substance, the reaction is characterized by one or more of the following
behaviors: hiding, freezing, dashing, area avoidance, or increased shoaling (Levesley and

Magurran 1988; Magurran 1990a; Smith 1992; Krause 1993a).

2.2.1.1 Characteristics of the alarm substance cells and alarm substance

Alarm substance cells are found in the middle to basal zones of the epidermis. These cells lack
any external pores, they do not come in contact with any blood vessels, and they do not reach the
outer surface of undamaged epidermis (Smith 1982). These characteristics suggest that alarm
substance is normally stored or retained in the cells without the possibility of being voluntarily
released externally or being secreted internally for another function (Smith 1982).

Alarm substance is a colorless, non-fluorescent substance (Pfeiffer 1982). It is slightly
soluble in water but is extremely unstable in water (Pfeiffer 1982) where it becomes inactive
within a very short period (Smith 1982). Pfeiffer (1982) determined that hypoxanthine-3(IN)-
oxide elicited a response similar to alarm substance but the chemical structure of alarm substance
is still not known. The mechanism of the reception of the chemical is also not well known but is

thought to be mostly olfactory (Pfeiffer 1982, Chivers and Smith 1993). Fish that do sense the



chemical respond with increased movement away from the source area and increased bradycardia
(Pfeiffer 1982). Exposure of black tetras to the alarm substance of Phoxinus resulted in enhanced
optical alertness (Pfeiffer and Riegelbauer 1978; Pfeiffer e al. 1985). The amount of alarm
substance released during a predator attack is not known but it has been determined that only a
very small amount is necessary to elicit a response (Smith 1982).

Breeding fathead males lose the ability to produce alarm substance yet they still retain the
ability to respond to alarm substance (Smith 1976). The reason for losing the cells is not known
but it is hypothesized that they are lost because of the males' breeding behavior. Male fatheads
make pits in the substrate defining their territory. The pits are made by rubbing their bodies
against the substrate. Alarm substance is released with little effort (Pfeiffer 1962) and the action
of creating and maintaining a territory would cause the release of alarm substance (Smith 1976).
This would be counterproductive because the presence of alarm substance would cause potential

mates to flee the area (Smith 1976).

2.3 Other Sensory Systems

Other sensory systems that may be important in detecting predators are the mechanosensory and
the auditory systems. The movements of a predator cause vibrations that can be perceived by free
neuromasts, canal neuromasts, and the inner ear (Fuiman and Magurran 1994). These systems are
sensitive to the low frequencies which are characteristic of the swimming movements of a
predator. The Weberian apparatus of ostariophysans and the auditory bullae of clupeids provide
these fish with an even lower threshold and a broader dynamic range than unspecialized fish. The
swim bladder is an important component of the mechanosensory system. It converts variation in

sound pressure into fluid displacements inside the body which can initiate the startle response



and possible avoidance behavior (Canfield and Eaton 1990). The scope of the lateral line and its
associated mechanosensory cells is about one body length (Schellart 1992) which may make it
more effective in regulating shoaling (Partridge and Pitcher 1980) and evasion behavior (Fuiman

and Magurran 1994) than if it were more discrete.

[¥3]

. Factors affecting predator detection and prey response

.1 Visibility

)

For minnows, visual detection of a predator is a very important component of its anti-predator
adaptations as it is with any animal, but as Mathis et al. (1993) point out, reliance on visual
information may be limited when the visibility is poor. Underwater visibility is highly vanable.
Visibility at noon in sunny weather can range from 0.2 to 80 meters (Schellart 1992). Factors
which can significantly influence visibility include turbidity, wavelength, direction of sight,
depth in water, bottom depth, time of day, weather conditions, and the time of the season
(Schellart 1992).

3.1.1 Turbidity

Turbidity is a common feature of many lakes and reservoirs and it is often highly variable (Miner
and Stein 1993). Turbidity provides cover for prey which suggests that the impact of predation
may be reduced. Turbidity also allows predators to get closer to their prey before being detected
suggesting predator benefit. Vandenbyllaardt et al. (1991) observed that fathead minnows
formed looser schools and increased swimming activity when they were in turbid water.

Gregory (1993) found that juvenile chinook salmon (Oncorhynchus tshawytscha) demonstrated a

lower magnitude and shorter duration of response to a predator in turbid water and Gregory and



Northcote (1993) showed that juvenile chinook salmon increased their foraging rates at increased
turbidity levels.

Though turbidity may provide cover, encounters that do occur between predators and
prey are more likely to result in mortality because of ineffective anti-predator behavior
(Vandenbyllaardt et al. 1991; Abrahams and Kattenfeld 1997). The presence of turbidity serves
to reduce the reactive distance of prey to predators (Figure 1; Gregory and Northcote 1993;
Miner and Stein 1996) mainly due to the hyperbolic relationship between turbidity and visual
range (Figure 2; Vinyard and O’Brien 1976; Confer et al. 1978; Wright and O’Brien 1984,
Aksnes and Giske 1993). Abrahams and Kattenfeld (1997) found that fathead minnows in turbid
water had lower detection distances which reduced the effectiveness of any anti-predator
behavior. This is because an attacking predator may be detected only after it is inside the distance
at which the prey would have fled when in clear water (Ellis 1982). In clear water, prey have the
ability to detect the predator and determine its course of action by weighing the costs of fleeing
against the costs of remaining. When the costs of remaining exceed the costs of fleeing, an
animal should leave the area (Ydenberg and Dill 1986). Abrahams and Kattenfeld (1997) also
found that a perch predator preferentially preyed on smaller minnows in clear water but that size
preference disappeared when the water was turbid. This suggested that the larger minnows lost
their enhanced ability to evade predators when the water became turbid (Abrahams and
Kattenfeld 1997). In a turbid situation, there are no trade-offs to determine between fleeing and
remaining because prey do not have the ability to assess the encounter and therefore prey should
flee as soon as the predator is detected (Ydenberg and Dill 1986). When visibility is low, the
presence of the alarm substance should allow prey to detect predators earlier than would be

possibie by using visual input.
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Figure 1. The effect of turbidity on the reactive distance (distance at which an individual reacts
to either prey or a predator) and the detection distance (distance at which a predator or prey can
be initially detected) (from Kattenfeld 1995).
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Figure 2. Turbidity causes the visual range to decrease exponentially. This was determined by
placing a perch model in the test apparatus and recording its visibility with a Sony Hi8 video
camera (CCD-V99). Turbidity was increased by adding approximately 0.80 grams of bentonite
to 1100 ml of aquarium water for each turbidity level. To get a level of 13 Nephelometric
Turbidity Units (NTU), an additional 1.13 g was added and 25.5 NTU required 4.50 g of
bentonite. Turbidity was measured with a Hach Model 2100A Turbidimeter. Visibility was
measured as the distance from the edge of the tank to the nose of the perch model.
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Variations in brain forms of teleosts are more clearly correlated with their habitats than in other
vertebrates (Davis and Miller 1967; Kishida 1979). The brain and sensory apparatus determine
the position and range of a species’ potential niche (Kotrschal and Junger 1988). Van Staaden et
al. (1995) found a strong negative correlation between habitat visibility and the size of the
olfactory apparatus for cichlids of the Great African Lakes. Fish from areas of reduced visibility
had larger olfactory apparatus which suggests an increased reliance on the use of chemicals to
receive information from the environment. Huber and Rylander (1991) examined three clear
water and three turbid water minnow species and discovered that brain structures associated with
vision were much more developed in the clear water species. Parts of the brain thought to be
associated with olfaction were more developed in the turbid water species. Huber and Rylander
(1991) suggested that the importance of olfaction increases in species which inhabit turbid water.
Another study by Huber and Rylander (1992) looked at more species of cyprinids and concluded
that different species rely on different sensory modalities. The dominant sensory system used by
a species correlates with the physical parameters of its preferred habitat (e.g., turbidity level;

Huber and Rylander 1992).

3.2 Some parameters that influence the response to predators

3.2.1 Confinement

Previous laboratory experiments have demonstrated that minnows respond to the alarm substance
in clear water in the absence and in the presence of a visual predator stimulus (Verheijen 1956;
Pfeiffer 1962, 1963a; Magurran and Girling 1986; Lawrence and Smith 1989; Mathis ef al. 1993;
Brown and Smith 1996; Irving and Magurran 1997). Magurran et al. (1996) proposed that the

confined nature of the aquaria increases the level of risk of predation a minnow senses. This
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results in the minnows being more prepared to react to an alarm stimulus. When the size of the
test apparatus is increased, the reaction to the alarm substance has been found to be significantly
reduced (Irving and Magurran 1997). Irving and Magurran (1997) suggested this was a result of

decreasing the level of risk of predation.

3.2.2 Hunger

Many experiments have shown that hunger levels modify critical reactive distances by
decreasing their sensitivity to risk (Magnhagen 1988a, b; Gregory 1993; Gregory and Northcote
1993). As the hunger level increases, prey are more willing to risk exposure to a predator because
the benefits of continued foraging exceed the costs of fleeing from a predator (Ydenberg and Dill
1986). This general pattern of behavior is predicted by state-dependent optimization models
(Mangel and Clark 1986; McNamara and Houston 1986). This model is supported by
experiments demonstrating that hungry fish are more likely to inspect a potential predator (Godin
and Crossman 1994; Magurran 1990a). Krause (1993b) has shown that hungry fish are more
willing to take up outside and leading edges of schools. These positions increase their contact
rate with food (Bumann et al. 1997). Hungry fish are also more willing to risk exposure to a
predator in order to obtain access to better quality food patches (Magnhagen 1988a, b; Dill and
Gillett 1991).

Other experiments have shown that the hunger level of the fish exposed to an alarm
substance affects the magnitude of the fright reaction (Smith 1981; Brown and Smith 1996). As
the hunger level increases, the reaction to the alarm substance becomes weaker until the reaction
disappears. The presence of alarm substance represents a high risk of predation and hungry fish

are more willing to accept that risk. Brown and Smith (1996) found that even though naive
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fathead minnows deprived of food for 48 hours did not respond to the introduction of the alarm
substance, they were able to determine that alarm substance signified a threat. These fish
responded to alarm substance with the typical fright reaction when they had resumed normal
feeding.

3.2.3 Cover/Safe areas

In aquatic communities, structural complexity of the environment modifies the type and intensity
of predator-prey interactions (Savino and Stein 1989). Structurally complex microhabitats tend to
reduce a prey’s encounter rate with potential predators (Endler 1986; McLean and Godin 1989)
and can impair the predator’s attack success. Numerous studies have discovered that predators
become less effective as the structural complexity of the environment increases (Glass 1971;
Savino and Stein 1982, 1989; Coull and Wells 1983; Anderson 1984). Savino and Stein (1989)
found fathead minnows became more difficult to capture as plant density was increased. Highly
structured habitats also reduce the ability of predators to detect or encounter prey (Lima and Dill
1990). The presence of a structured habitat represents a lower risk of predation for the prey when
compared with less structured habitats (Savino and Stein 1989; Rangeley and Kramer 1998).
When faced with a predator, prey commonly move toward or into cover to reduce their risk of

predation (Gotceitas and Colgan 1987; Abrahams 1995; Rangeley and Kramer 1998).

4. Benefit of alarm substance and controversy over the use of chemical signals

4.1 Benefits of alarm substance

4.1.1 Secondary benefit: kin selection?

Since its discovery, alarm substance has been considered a signal designed for communication

between conspecifics (Pfeiffer 1963a; Smith 1992; Fuiman and Magurran 1994). To release
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alarm substance, the signaler must already be injured; therefore, the release of alarm substance
only appeared to benefit the receivers by signaling the presence of danger (Pfeiffer 1963a; Smith
1992). This benefit to the receiver without benefiting the sender suggested that the sender gained
via kin selection (Williams 1992). Naish er al. (1993) determined that European minnow school
members did not share the same maternal mtDNA lineages but Smith (1997) pointed out they
could not exclude kin selection because the results did not eliminate the possibility of kin
subgroups within larger shoals.

There is evidence of responses to alarm substances from distantly related genera and
families and evidence of inter-order signaling (Schutz 1956; Mathis and Smith 1992b). Pfeiffer
and Lemke (1973) and Pfeiffer (1978) demonstrated that giant danios (Danio malabricus)
reacted strongly to the alarm substance in the skin of European minnows. Big eye shiners
(Notropis boops) reacted to their own alarm substance but also reacted as significantly to the
alarm substance from several other cyprinids (Smith 1982). This indicates that species can use

information from other species to detect a dangerous situation.

4.1.2 Primary benefit: predator attraction

Mathis er al. (1995) found that both pike and predaceous diving beetles (Dyriscidae) were
attracted to fathead minnow extract and the arrival of a secondary predator or predators
significantly increased the prey's probability of escape (Chivers et al. 1996). This occurs when
the secondary predator tries to interrupt the primary predator, either by trying to take the prey

away or by attempting to eat the primary predator (Mathis et al. 1995; Chivers ef al. 1996).
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Similar mechanisms have been proposed as the function of distress calls in birds and mammals

(Hogstedt 1983) and bioluminescence in dinoflagellates (Abrahams and Townsend 1993).

4.2 The controversy

Recent experiments have demonstrated the fright reaction elicited by the alarm substance became
less significant as the environment became more natural (Magurran et al. 1996; Irving and
Magurran 1997). Irving and Magurran (1997) conducted experiments in a fluvarium that
contained part of the Mill Stream in England. The European minnows were exposed to
conditions that more closely resembled their natural habitat while still being confined in the
fluvarium. The minnows showed a response to the alarm substance but the reaction was weak
when compared with the reactions they had displayed in the lab. Magurran et al. (1996)
performed experiments in the River Frome with European minnows. These experiments were
conducted in a completely natural setting and the minnows failed to change their behavior or
leave the area when exposed to alarm substance.

This has initiated a debate as to whether alarm substance is a signal or a cue to
conspecifics (Magurran et al. 1996; Henderson et al. 1997; Smith 1997). These can be
distinguished based on the function of the information being transferred (Koops 1998). A signal
is defined as a transfer of information that has been shaped for this purpose by natural selection
(Seeley 1989; Dusenbery 1992). This means both the information generated by the transmitter
and the interpretation by the receiver are shaped by evolution and both the sender and the
receiver benefit from the signal (Koops 1998). Smith (1997) argues that alarm substance was

designed specifically to alert other members of the shoal and the senders benefit through kin
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selection. [t was proposed that a reaction to alarm substance should always occur regardless of
the environmental conditions involved. The reaction may be immediate or a more long-term
behavioral shift (Smith 1997).

Cues are patterns of information that have not been shaped to convey information to the
receivers (Seeley 1989; Dusenbery 1992). This suggests that the source of the cue does not
experience selection for improved information transfer, but the receivers' interpretation should be
subject to natural selection; therefore, only the receiver benefits from the transfer of information
(Koops 1998). Magurran et al. (1996) and Henderson et al. (1997) suggest that alarm substance
was not designed for the purpose of communicating danger to other members of the shoal. They
propose that alarm substance may have some other purpose but prey species use its presence as a
means of detecting a predator. They suggest that fish can sense the alarm substance but the
response is mediated by the relative margin of risk of predation of the encounter. Magurran er al.
(1996) propose that strong reactions occur in the laboratory because fish are in an unnatural
environment. Confined fish are more wary and therefore sense a higher level of risk of predation
(Magurran er al. 1996). This heightened level of risk of predation makes the fish more willing to
react to alarm substance. Fish in their natural environment do not react because they are not
wary. These fish sense a lower level of risk of predation as a result of increased information
about their environment. Information such as familiarity with the area, knowledge of safe areas,
and possibly familiarity with individual predators (Magurran et al. 1996). Von Frisch (1938) has
shown that habituation in aquaria reduces the magnitude of the response to alarm substance. This
could be a result of becoming more familiar with the environment which would eliminate the

reaction as suggested by Magurran et al. (1996).
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5. Sensory compensation hypothesis - a resolution to the debate
Once prey detect a predator, they must then decide whether they should flee (Ydenberg and Dill
1986). Factors influencing this decision are the costs of flight (e.g., lost foraging opportunities)
and the benefits (e.g., the reduced probability of capture). These costs and benefits of fleeing will
ultimately determine the distance at which prey respond to a predator (Ydenberg and Dill 1986).
Prey use a variety of stimuli to detect predators and I propose they should preferentially use the
signal which gives the most reliable information (Figure 3). By using the most reliable signal,
prey can maximize their benefits and respond to a predator only when absolutely necessary. A
more reliable signal would allow earlier detection of the predator. This would allow the prey
more time to determine the appropriate course of action and more assessment time should result
in a better choice. Responding to less reliable stimuli when better cues are available would not
provide the animal with an optimal flight distance and therefore extra costs would be incurred. In
clear water, vision allows prey to detect predators before a response is necessary. The prey still
has the ability to assess the encounter and decide on the appropriate course of action (Ydenberg
and Dill 1986). As visibility is reduced, the animal is progressively denied information that
would allow an adaptive decision to be made. Under these circumstances, relying solely on
visual cues increases the probability of death given an encounter (see section 3.1). Various
crayfish of the genus Orconectes increased their use of mechanoreceptive organs when visual
input was reduced at night (Bruski and Dunham 1987).

Sensory compensation has been demonstrated in humans. Subjects deprived of various
senses demonstrated increases in sensitivity to alternate senses. Duda and Zubek (1965)

demonstrated significant increases in auditory sensitivity after being visually deprived for one
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® low risk
B high risk

Visual Range
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Turbidity

Figure 3. The sensory compensation model. The gray bar indicates the concentration of alarm
substance (AS) released for a given situation. The heavy lines represent the concentration of AS
necessary to generate an antipredator response which is assumed to be lower (lower line) at
higher levels of predation risk. This concentration is also assumed to decrease in response to
diminishing visual information due to increased turbidity. When faced with a high risk of
predation, minnows should respond to a given concentration of AS in both clear and turbid
water. In a low risk situation, the minnows should not respond to AS in clear water but respond
to the same concentration in turbid water.
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week. Studies by Vernon and McGill (1961), Zubek, Flye, and Aftanas (1964), and Zubek, Flye,
and Williams (1964) found that pain sensitivity was increased after a period of sensory
deprivation. Zubek (1964) confined subjects under conditions of perceptual deprivation and
found that tactile acuity was significantly increased. As similar result was obtained by Biase and
Zuckerman (1964) and Zuckerman et al. (1964). I propose that prey compensate for a reduction
in one sensory input by increasing the use of alternate stimuli to detect predators. In turbid water,
increasing sensitivity to alarm substance should compensate for the reduction in visual input
(Figure 3). This would allow earlier detection of predators than would be possible if the minnows
only used visual information.

Magurran et al. (1996) suggested that responses to alarm substance are mediated by the
level of risk of predation. Higher risk of predation situations cause prey to be more prepared to
respond to the presence of alarm substance. Ydenberg and Dill (1986) demonstrated evidence
that the flight distance is directly proportional to the level of risk of predation. With respect to
alarm substance, flight distance may be modified by altering the concentration of alarm
substance necessary to generate a response. [ propose that in a high risk situation, fish will be
more sensitive to alarm substance and will show strong reactions (Figure 3). Many previous
experiments have demonstrated significant responses to alarm substance in the absence of a
visual stimulus (see section 3.2.1). In low risk situation, fish should be less sensitive to the same
concentration of alarm substance and therefore should not show significant responses (Figure 3).
Magurran et al. (1996) and Irving and Magurran (1997) demonstrated that as the level of risk of
predation was reduced (by increasing the naturalness of the environment), sensitivity to alarm

substance was decreased.
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Risk will be manipulated with two parameters. In the first experiment, risk acceptance
will be altered with hunger levels. Hungry fish are less sensitive to risk of predation than are well
fed fish: therefore, it is assumed that increasing the hunger level will have an effect equivalent to
decreasing the actual level of risk. For the second experiment, the actual level of risk will be

decreased through the addition of cover to the apparatus.
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Materials and Methods

1. Animals

The test subjects for these experiments were wild fathead minnows. The minnows were captured
in the fall of 1997 from the University of Manitoba Field Station at Delta Marsh, located at the
southern tip of Lake Manitoba. They were collected using minnow traps. The predator for these
experiments was a yellow perch (Perca flavescens, 169.2 mm, 66.45 g) also obtained from Delta
Marsh. This species is commonly observed with fathead minnows in a variety of freshwater
environments in North America (Scott and Crossman 1973).

After capture, the minnows were transported to the University of Manitoba Animal
Holding facility where they were held in two 200 liter tanks at 12 °C with a 12 hour photoperiod.
All fish were fed a diet of frozen brine shrimp (Artemia salina). Prior to the experiments, five
groups of ten fish were moved to the laboratory for Experiment 1 and each group was held in a
40 liter aquarium at 19.5 °C with a 12 hour photoperiod for the duration of the experiments. For
Experiment 2, another five groups of ten fish were moved to the laboratory. While in the holding
tanks, the fish were fed a diet of NutraFin flake food. The perch was held in an equally divided
90 liter aquarium. The perch was fed a diet of fathead minnows on a weekly basis. The tank was
maintained at approximately 19.5 °C and the photoperiod was the same as for the fathead

minnows.

2. Materials
The test apparatus consisted of a square (76 x 76 x 30.5 cm) aquarium (Figure 4) positioned on a

light table constructed for these experiments. The light table supported the tank and contained a
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Figure 4. The overhead view of the apparatus which includes the stimulus introduction
point (A), the Plexiglas insert (B), the predator area (C), the standardization zone (D), and the
halogen lights for illuminating the predator (E).



23

pane of sandblasted glass which diffused the light from 12 fluorescent bulbs (30 watts) set in six
90 cm strip fixtures placed 25 cm below the tank. The square test aquarium was lined with
cardboard packaging material to minimize any external disturbances and to help focus the light
from the light table. The entire tank was monitored with a Hi8 video camera (Sony CCD-V801)
placed 175 cm above the tank. The test tank had a Plexiglas insert (approx. 70 x 70 x 10 cm)
attached to the tank to keep the minnows away from the shadows around the edges caused by the
frame that supported the tank. This resulted in a test area which was approximately 69 x 69 cm.
The apparatus was filled to a water level of 6.5 cm. This low water level allowed easier
observation of the minnows' behavior when viewed from the overhead camera.

A comer of the test tank was partitioned with a piece of one-way glass. This created a
triangular five liter area which held the predator. The bottom of this area was covered with a
black piece of Plexiglas which blocked light from the light table. Two halogen floodlights were
positioned on either side of the predator area. When these lights were turned on, the predator
area became visible to the test fish, revealing the predator if it was present. Two lines, 20 cm and
45 cm away from the one-way glass, were drawn on the bottom of the apparatus. Fish were only
exposed to the chemical or visual stimulus when they were between these lines. Conducting
experiments in this fashion reduced the influence of location on the response to the chemical and
visual stimuli.

Water was pumped through the tank at a rate of 10 ml/sec with a Manostat Varistaltic
pump and Tygon tubing. The chemical stimulus was introduced into the tank at point A (see

Figure 4) by injecting the chemical stimulus into the Tygon tubing.



3. Stimulus Preparation

Alarm substance was prepared following the methods of Magurran er al. (1996) and Irving and
Magurran (1997). It was obtained by humanely killing female and non-breeding male fathead
minnows (Experiment 1: mean total length = 64.36 mm + 2.33 s.e., mean weight =2.60 g + 0.33
s.e.; Experiment 2: mean total length = 63.43 mm @ 1.93 s.e., mean weight =241 g + 0.27 s.e.;
Appendix 1) with a blow to the head. Then the minnows were weighed and measured. Breeding
males were not used because they seasonally lose their alarm substance cells (Smith 1976). The
skin was removed, measured and weighed. It was then ground with a mortar and pestle over an
ice bath. Chilled, distilled water was added to produce a dilution of 0.450 cm’skin / ml. The
extract was stirred vigorously with the mortar and pestle for five minutes and then filtered
through glass wool to remove scales and other large particles. Preliminary experiments
conducted in a 40 liter aquarium with 4 test fish determined that 3 ml of 0.450 cm’ skin / ml was
sufficient to obtain a reaction from the fish. This extract contained an amount of alarm substance
similar in both wet weight and skin area to that used by Mathis and Smith (1992a), Brown and
Smith (1996), and Irving and Magurran (1997). This amount of alarm substance added
represents approximately 20 % of the amount of alarm substance contained in an average sized
fathead minnow.

The control stimulus was prepared following Irving and Magurran (1997) by using
muscle from the caudal peduncle of the same fish from which the alarm substance had been
extracted. It was prepared as above, using an equal mass of muscle. The final solutions of the
alarm substance and the muscle control were divided into 1 ml aliquots and were stored in a

freezer at -80 °C until needed. The stimulus was prepared every week, with only enough made



for the trials that would proceed during the following week. Before either chemical substance
was used, it was thawed in a Petri dish filled with water for approximately 30 minutes.

4. Turbidity preparation

Tests involving clear water had a turbidity level of < 1 NTU (Nephelometric Turbidity Units).
For tests requiring turbidity, bentonite was added to generate a turbidity level of at least 20 NTU
(Experiment 1: 21.11 NTU + 0.24 s.e.; Experiment 2: 22 .48 NTU #0.39 s.e.). This was
accomplished by removing 1.2 liters of water from the test aquarium. Seven grams of bentonite
were added to this water and then mixed thoroughly. This water was then added to the aquarium

and the turbidity was measured before and after each trial.

5. Experimental procedure

5.1 Experiment I - The effect of turbidity and hunger on the response to chemical and visual
stimuli

Five groups of 10 fathead minnows (mean total length = 57.73 mm + 1.84 s.e., mean weight =
1.53 g + 0.18 s.e.) were exposed to conditions involving water clarity (clear or turbid), hunger
level (hungry: no food for 72 hours or satiated: fed just prior to the experiments), visual stimuli
(predator or no predator), and chemical stimuli (alarm substance or muscle control). The groups
of minnows were randomly exposed to all of 16 different possible combinations of the
conditions. The water clarity treatment was randomly determined for each week and maintained
constant throughout that week while the other three treatments were randomized daily for each
group of minnows. Keeping the water clarity constant during the week eliminated any
possibility of the clear water becoming turbid. The experiments were performed as a repeated

measures experiment. There was a minimum of 48 hours between subsequent exposures to the
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alarm substance for each group and each group was only exposed to the alarm substance eight
times over a three month period. This design reduced the possibility that these fish would
become acclimated to the predator stimulus.

Trials involving hungry fish required that they not be fed for 72 hours. Brown and Smith
(1996) found that going without food for 48 hours was sufficient to eliminate the fright reaction
but I found that 72 hours without food was necessary to cancel any significant reactions in the
test apparatus. Each group of 10 fathead minnows was placed in a 40 liter, food free holding
tank 72 hours prior to their trial. Satiated fish were added directly to the apparatus for the
acclimation period. The minnows were gently dipnetted from either their holding tank or the
food free tank and were placed in the test apparatus 90 minutes prior to the pre-exposure trials.
During acclimation, only satiated fish were fed flake food. After 75 minutes, the air stones were
removed, the lights were turned on, the pump was started, and the predator (if required) was
added to the apparatus. Fifteen minutes after the lights were turned on, the camera began
recording for a pre-exposure period of 15 minutes. At the end of the 15 minutes, recording
stopped until all of the fish were within the standardization zone. The camera would then begin
recording as the chemical and visual stimuli were introduced. To expose the predator area, the
halogen floodlights were turned on for two minutes. The chemical stimulus was added directly to
the Tygon tubing with a 3 cc syringe. Pre-experiments found that a dyed sample of alarm
substance took eight seconds to completely enter the tank from the point of injection into the
Tygon tubing. The chemical dispersed throughout the tank within about 20 seconds. The camera
recorded for 15 minutes following the introduction of the stimuli.

Following each trial, the fish were removed and the turbidity of the water was rechecked.

The apparatus was completely drained and the Tygon tubing flushed with fresh water to remove



any chemical residue. The apparatus was then refilled for the following trial. I conducted no
more than three trials in one day (between 0900 hrs and 1900 hrs).

After each group of fish had completed all of the experimental treatments, the minnows
were anesthetized with 2-phenoxyethanol (1 mi:1800 ml water). The total length and the wet

weight of each individual was measured (Table 1).

5.2 Experiment 2 - The effect of turbidity and cover on the response to chemical alarm stimuli
Cover was created by cutting a 68 cm x 68 cm sheet of clear Plexiglas and drilling 160 holes
staggered 5 cm apart. A 7 cm strand of polypropylene rope was put in each hole. The rope was
burnt on one end with a Bunsen burner. The melted end was then flattened to form a plug. This
secured the rope in the Plexiglas sheet. This setup provided fish with a significant amount of
cover while allowing me to easily observe the fish from above.

The procedure for Experiment 2 was the same as for Experiment 1. Five different groups
of ten fathead minnows (mean total length = 68.14 mm + 2.27 s.e., mean weight =3.02 g+ 0.34
s.e.) were randomly exposed to eight different environmental conditions involving water clarity
(clear or turbid), cover (present or absent), and chemical stimuli (AS or control). The presence of
a predator was not necessary for these trials because I only wanted to determine the effect of
turbidity and cover on the response to alarm substance.

After each group had completed the treatments, minnows were anesthetized and the wet

weight and total length were determined (Table 2).



Table 1. The mean total length and wet weight of each group of fathead minnows used in

Experiment 1.

Total length (mm) Wet weight (g)
Group Mean Std. Error Mean Std. Error
1 56.325 1.610 1.490 0.158
2 60.739 1.790 1.659 0.168
3 52.309 1.060 1.152 0.119
4 59.370 2.250 1.641 0.220
5 59.898 2.510 1.729 0.229




Table 2. The mean total length and wet weight of each group of fathead minnows used in

Experiment 2.

Total length (mm) Wet weight (g)
Group Mean Std. Error Mean Std. Error
1 69.831 2.200 3.216 0.345
2 68.670 2.570 3.077 0.393
3 69.740 2.200 3.427 0.337
4 64.860 1.560 2411 0.181
5 67.580 2.800 2.993 0.450

29
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6. Analysis

6.1 Behavior

6.1.1 Response to alarm stimulus

Dashes were defined as a rapid dart in an apparently random direction. A dashing fish swam with
strong S-shaped curves which is characteristic of the Mauthner mediated S-startle response. A
freeze was defined as immobility for a period that lasted a minimum of 30 seconds. Hiding
occurred in the preliminary experiments when the minnows took refuge under the curved
Plexiglas or among the vegetation.

Previous experiments have demonstrated a variety of responses to the introduction of
alarm stimuli (Levesley and Magurran 1988; Magurran 1990a; Smith 1992; Krause 1993a). My
preliminary experiments determined that in a structurally complex environment, hiding was the
most common response. Under these conditions, dashing rarely occurred. In the test apparatus,
there were no areas to hide and substrate was not present. Here, the most common responses
were dashing and freezing. Minnow reaction was determined using the difference in the number

of dashes and freezes between the post-exposure and the pre-exposure period.

6.1.2 Movement and direction changes

Another measure of the behavior of each group was the distanced traveled and the number of
times an individual changed direction. These behaviors were analyzed by tracing the movement
of one fish onto acetate from the recorded videotape. One fish was randomly selected by
numbering the fish from 1 to 10 starting at the top of the screen and proceeding clockwise around
the tank. Numbers from 1 to 10 were randomly generated and the corresponding fish was

observed for one minute. This was repeated a second time for a total of two minutes of
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observation. The first tracing was made at five minutes and the second one was made at ten
minutes into the pre-exposure period. The images were scanned and the length of the line was
determined using Jandel Sigma Scan v.2.0 (1990). The 25 cm width of the standardization zone
was used to calibrate the program. The number of times a minnow switched direction was
determined from the scanned tracings. Any change in direction of the line of less than 90° was
recorded. For the distance traveled and the direction change, significant differences between the
treatments involving water clarity and the treatments involving cover were determined using
paired t-tests (a = 0.05).

There were problems with the videotapes from Experiment | due to the video camera;

therefore, observations were only made with tapes from Experiment 2.

6.2 Statistics

6.2.1 Paired t-tests

Paired t-tests (ot = 0.05) were used to determine if the behavior of the groups was random. The
null hypothesis was that the number of observed dashes or freezes for a given group was random.
The alternative hypothesis was that the magnitude of the reaction was not random for each group

and was dependent on the treatment.

6.2.2 Approximate randomization

Approximate randomization was used to examine the effects of each treatment on the response.
This method was used to test if the response was unrelated to the treatment; therefore, the null
hypothesis specified that there was no correlation between the observed reaction and the

treatment in which the observation was made. The alternative hypothesis was that the treatment
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strongly affects the observed response. This technique was used because computer intensive
statistics are based on the resampling of the actual data and therefore do not need the
assumptions required for parametric statistics (Adams and Anthony 1996; Manly 1991; Thomas
& Poulin 1997).

Test experiments demonstrated that a typical number of dashes during a normal trial
without any alarm stimuli resulted in 7.23 dashes (+ 1.24 s.e., n = 10) while a stimulus trial
resulted in more than 20.23 dashes (+ 2.01 s.e., n = 10). These results demonstrated a bimodal
distribution. To compare the effects of each treatment, the presence or absence of a response was
the important consideration. Therefore, the distribution of the dashes was observed for each
experiment and a cutoff was determined. Less than the cutoff was considered no-response (y = 0)
and more dashes than the cut off was a response (y = 1). Data in this binary format could not be
analyzed using simple parametric tests. For analysis of freezing, the data did not display any
clear difference between a response and no-response. Therefore these data were not transformed.

A program by Noreen (1989) was used to determine the difference between the means of
the treatments being compared using Microsoft Excel Visual Basic v.7.0a (1996; Appendix 3).
The null hypothesis of the randomization was that the dependent variable, the response (dashing
or freezing), is unrelated to the explanatory variable, the type of treatment. The alternative
hypothesis was that the dependent variable (response) was directly related to the explanatory
variable (treatment). To test this, the program calculated the difference of the observed response
between the experimental treatment and the control treatment. This value was then compared to
the values obtained by shuffling the data (number of shuffles was determined with a maximum
variance around the p-value, +/- 0.005 for 10 replications) and recalculating the difference

between the means. A calculation of the number of times the random test statistic exceeded the



actual test statistic was used as the p-value (o = 0.05). This value represented the number of

times a difference greater than the actual statistic would occur.
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Results
1. Experiment 1
1.1 Dashing
When groups of minnows displayed a response, there were many more dashes observed than
during the no-response trials (Figure 5). A no-response trial was defined as a trial in which less
than 15 total dashes were observed (Figure 6). A strong or obvious response was a trial in which
15 or more total dashes occurred in response to the addition of a stimulus (Figure 6). The
proportion of dashes observed in each one minute post-exposure time period were similar
regardless of the level of response (Figure 7). 87.46 % and 85.28 % of the dashes observed
during strong and no-response trials occurred within the first two minutes, respectively (Table 3).
For all of the treatments combined, fish reacted immediately to the introduction of a stimulus,
67.4 % of the dashes were observed in the first minute of the post-exposure period (Figure 7).
The dashes observed in both the strong and the no-response trials were similar in
appearance. A dashing minnow would typically swim in a rapid and exaggerated manner, usually
along the edge of the apparatus. When the minnows dashed, they displayed the typical S-start
fast response which is controlled by the Mauthner cells. During a strong reaction trial, minnows
would usually stop a dash and then perform the same behavior in a different direction. In a no-
response trial, dashes did not appear as long in distance and were not repeated as often as the

strong response trials.
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Figure 5. The mean number of dashes (+ 1 s.e.) performed by the five groups of minnows during
the 15 minute post-exposure period of the 9 response and the 7 no-response treatments of
Experiment I.
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Figure 6. The distribution of the number of dashes [(post-exposure) - (pre-exposure)] observed

for all groups of minnows in all 16 treatments in Experiment 1. Note the bimodal distribution
with the drop after 10 dashes.



37

06 .
05 -
gyresponse g no response

04 .

03 .

Ln{Proportion of Dashes +1)

0.2 .

0.1 .

1+ 2 3 4 5 6 7 8 9 10 1 12 13 14 15
Post Exposure Time Period

Figure 7. The mean proportion of dashes (% 1 s.e.) observed in each one minute time period of
the total 15 minute post-exposure period during the 9 response and the 7 no-response treatments
of Experiment 1.



Table 3. The number of dashes observed within the first two minutes of a: A) response trial (>
10 dashes) and B) no-response trial (< 10 dashes) in Experiment 1 for each group.

A)
# of trials mean # of mean dashes % of dashes
Group observed total dashes w/in 2 min w/in 2 min
1 10 33.6 26.6 79.17
2 10 353 31.6 89.52
3 9 34.0 30.9 90.85
4 10 440 40.3 91.59
5 10 333 28.7 86.17
B)
# of trials mean # of mean dashes % of dashes
Group observed dashes w/in 2 min w/in 2 min
I 6 3.5 32 90.48
2 6 4.8 3.5 72.41
3 7 4.1 4.0 96.55
4 6 4.2 3.3 80.00
5 6 3.8 3.3 86.96
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Approximate randomization was used to test the null hypothesis that the variables were
unrelated (i.e., a stimulus treatment and the number of dashes). The analysis demonstrated a
strong correlation between the number of dashes and the treatments involving the chemical
cue(test statistic = 38, p < 0.01, 100 replications), the visual cue (test statistic = 38, p <0.01, 100
replications), and the hunger level (test statistic = 22, p < 0.01, 1000 replications). There was no
significant difference in the number of dashes observed in clear and turbid water
(test statistic = -2, p = 0.68, 2000 replications). There were significant differences between
treatments involving water clarity and chemical cue (test statistic = 25.5, p <0.01, 1000
replications) and there were also significant differences between treatments with water clarity
and visual cue (test statistic = 35.5, p <0.01, 100 replications).

The unique predictions of the sensory compensation model were that minnows would not
respond to alarm substance when risk was decreased in low turbidity but would in high turbidity.
These treatments are shaded in Table 4 and illustrated in Figure 8. When presented with only
alarm substance in clear water, satiated fish displayed obvious responses while the low risk,
hungry fish demonstrated significantly fewer dashes (r4 = 5.8185, p = 0.002, Figure 8). When the
water became turbid, hungry fish showed a strong reaction to the addition of alarm substance
compared to the addition of the control chemical stimulus (4 = 19.647, p <0.001). These low
risk fish responded to alarm substance with a number of dashes that was not significantly
different from the number observed when satiated minnows responded to alarm substance (14 =
1.672, p = 0.170). Increased turbidity caused hungry fish to react to alarm substance with
significantly more dashes than they did in clear water (t4 = 17.182, p <0.001, Figure 8).

The behavior of satiated fish in response to alarm substance was not significantly affected

by the turbidity of the water (14 = 0.716, p = 0.257). They showed a significant response in both



40

Table 4. The mean number of dashes (+ 1 s.e., (post-exposure) - (pre-exposure)) observed for the
five groups of minnows in response to the introduction of alarm stimuli in Experiment 1. The
results in the shaded cells are consistent with the sensory compensation hypothesis. C+ = alarm
substance; C- = muscle control; V+ = predator present; V- = predator absent.

Turbidity

Low High

C+ C- C+ C-

High V+ 448 +/-2.75 | 356 +/-1.63 | 30.0+/-9.66 | 4.2 +/-2.13

Hunger V- | 2042045 a.4+-2.16 | 398+/-208'| 12+-08

Low V+ 412+/-393 | 302+/-1.02 | 33.0+/-335 | 0.2+/-1.28

v- | 400+:680 | 46+-220 | 3504277 | 12+-1.02
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Figure 8. The mean number of dashes (z 1 s.e.) performed by the five groups of minnows in the
treatments of Experiment 1 important for support of the sensory compensation model: A) Clear
water, no predator, satiated, and alarm substance; B) Turbid water, no predator, hungry, and
alarm substance; C) Clear water, no predator, hungry, and alarm substance.
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clear and turbid water. In clear water, minnows always displayed strong responses to the
presence of the visual predator stimulus. When the water was turbid, minnows displayed
significantly fewer dashes in respense to the visual predator stimulus than were observed in clear
water (14 = 19.117, p <0.001). When this visual stimulus was combined with the presence of
alarm substance, all groups of minnows again displayed strong reactions to the stimuli (Table 4).
The pattern of observed dashes did not vary significantly between groups over the first
two minutes of the post-exposure period (Figure 9, Figure 10). A One-way ANOVA
demonstrated that the proportion of observed dashes in time period 1 (F, ;5=10.697, p = 0.569)
and 2 (F,,s=0.293, p = 0.882) did not vary significantly between the five groups. The same test
indicated no significant differences in the number of observed dashes between each group for
periods 1 and 2 (F, ;5= 0.467, p =0.759; F,,s=0.1.535, p = 0.201, respectively). These results
indicated that the groups responded in a similar manner in response to the introduction of stimuli.
The majority of the dashes that occurred after the first two minutes appeared to be in response to

background noise as was observed during the pre-exposure period.

1.2 Freezing

Freezing was defined as a thirty second period of inactivity. It was not observed very frequently
during these experiments. Trials which were defined as a response trial using dashes did not
demonstrate difference in the distribution of freezes when compared to a no-response trial, as
defined with dashes (Figure 11). When freezing was observed, it was usually after the initial
response of dashes (Figure 12). Only 26.8 % of the freezes performed were observed in the first

two minutes with the majority (92.98 %) observed after the first one minute period.
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Figure 9. Inter-group variation of the mean proportion of dashes (£ 1 s.e.) observed during each
one minute time period of the total 15 minute post-exposure period of all of the 16 treatments of
Experiment 1.
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Figure 10. Inter-group variation of the mean number of observed dashes (+ 1 s.e.) during the 15
minute post-exposure period of all of the 16 treatments of Experiment 1.
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Figure 11. The distribution of the number of freezes [(post-exposure) - (pre-exposure)] observed
for all groups of minnows in all 16 treatments in Experiment 1.
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Figure 12. The mean proportion of freezes ( 1 s.e.) observed for the five groups of minnows
following the addition of the experimental stimuli in all of the 16 treatments of Experiment 1.
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Table 5. The mean number of freezes (+ 1 s.e., (post-exposure) - (pre-exposure)) observed for
the five groups of minnows in response to the introduction of alarm stimuli in Experiment 1. C+
= alarm substance; C- = muscle control; V+ = predator present; V- = predator absent.

Hunger

Turbidity
Low High
C+ C- C+ C-
High V+ 24+/-1.17 | 2.6 +/-2.11 | 04+/-0.24 0+/-0
V- 0+/-0 0+/-0 0.4 +/-0.4 0.2 +/-0.2
Low V+ 13.8+/-5.25 | 40+/-3.51 | 1.0+/-1.26 0+/-0
V- 0+/-0 0+/-0 0.8+/-08 | -0.2+/-0.2
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Freezing was more common in clear water and occurred more regularly in the presence of
a predator (Table 5). Approximate randomization revealed that turbidity (test statistic = 2.525,
p = 0.009, 5000 replications) and the presence of a predator (test statistic = 2.875, p <0.001,
2000 replications) strongly influenced the number of freezes performed in response to the alarm
stimuli. Hunger and the presence of the chemical cue were not found to have significant effects
on the number of freezes. Minnows were more likely to freeze in response to a predator in clear
water and this effect was lost when the water became turbid. The groups of minnows did not
freeze in response to the presence of alarm substance (Table 5).

The number of freezes performed by each group was variable but was not found to be
significantly different between groups with a one way ANOVA (F ;= 1.115, p = 0.356). Group
| appeared to freeze more often than the other groups but the difference was not significant as
indicated by the ANOVA, probably as a result of the large standard error (Figure 13). The other
groups appeared to be more similar in the number of freezes performed during each time period

(Figure 13).

2. Experiment 2

2.1 Behavior

During the acclimation periods, the behavior of the minnows did not appear to differ much
between the cover and no-cover trials. A paired t-test (139 = 0.955, p = 0.345) did not detect any
significant differences in the distance traveled during one minute observations by fish in cover
(676.72 + 53.55 s.e.) compared to the distance traveled by fish without the presence of cover

(726.47 cm £ 45.92 s.e.). The number of times minnows switched directions was not
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Figure 13. Variation of the mean number of freezes ( 1 s.e.) observed for each group during the
15 minute post-exposure period in all of the 16 treatments.
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significantly affected by the presence of cover test (39 = 1.667, p = 0.104). Without cover,
observed minnows changed direction 7.03 times (= 0.85 s.e.) while minnows in the presence of
cover switched direction 5.78 times (+ 0.56 s.e.). [ observed minnows swimming along the edge
in both cover and no-cover treatments.

The behavior of the minnows was significantly affected by changing the turbidity of the
water. Figure 14 demonstrates typical swimming patterns observed by minnows in clear and in
turbid water. In turbid water the fish swam over a larger area than when in clear water. Fish in
turbid water moved significantly further and faster (936.46 cm ® 39.01 s.e.) during the one
minute observations than fish in clear water (466.73 cm + 25.63 s.e., 139 = 9.695, p <0.001).
Fish in clear water swam in irregular pattems, regularly changing direction (< 90° angle) while
minnows in the turbid water trials swam in circular patterns with few changes in direction. The
fish in clear water changed direction significantly more than did fish in turbid water (39 = 9.238,

p <0.01).

2.2 Dashing

The overall reaction to AS was reduced when compared with the reactions from the first
experiment (Figure 15). The classification of a response and no-response trial was the same as
for the first experiment but the cutoff point was different. More than ten dashes were considered
a response while ten or less dashes was a no-response trial (Figure 16). The fish reacted rapidly
to the addition of a stimulus, with 87.33 % of the total number of dashes occurred within the first
two minutes of a response trial and 78.03 % of the dashes observed in a no-response trial
occurring in the first two minutes (Table 6). 57.3 % of the dashes occurred in the first minute of

the post-exposure period for all trials.
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A)

B)

Figure 14. An example of the characteristic swimming patterns observed in A) clear water and in
B) turbid water during one minute observations of a single minnow.
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Figure 15. Comparison of the mean number of dashes (% 1 s.e.) observed in the 3 response and
the 5 no-response trials (no-response was defined as 10 or less dashes) of Experiment 2. The
mean number of dashes (£ 1 s.e.) observed during a response trial is also compared to the mean
number of dashes (£ 1 s.e.) observed in 9 response trials of Experiment 1.
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Figure 16. The distribution of the number of dashes [(post-exposure) - (pre-exposure)] observed
for all groups of minnows in all 8 treatments in Experiment 2. Note the bimodal distribution with

the drop at 10 dashes.



Table 6. The number of dashes observed within the first two minutes of a: A) response trial (>
10 dashes) and B) no-response trial (< 10 dashes) in Experiment 2 for each group.

A)
# of trials mean # of mean dashes % of dashes
Group observed total dashes w/in 2 min w/in 2 min
1 3 23.67 18 76.06
2 4 20.75 19.5 93.98
3 4 275 27 98.18
4 3 323 29 89.69
5 4 23.5 18.5 78.72
B)
# of trials mean # of mean dashes % of dashes
Group observed total dashes w/in 2 min w/in 2 min
1 5 2.6 24 92.31
2 4 3.5 1.5 42.86
3 4 1.25 1.0 80.00
4 5 34 34 100.00
5 4 2 1.5 75.00
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The chemical cue had a strong effect on the number of dashes (approximate
randomization test statistic =74, p < 0.01, 100 replications). Neither the presence of cover or
increasing the turbidity was found to be related to the number of observed dashes but when the
treatments were broken down further, water clarity and chemical cue (test statistic = 62.5, p <
0.01, 100 replications), and variation in the amount of cover and chemical cue (test statistic =
68.5, p <0.01, 100 replications) were found to be strongly related to the number of dashes
observed for each group of minnows.

When the water was turbid, minnows always displayed strong reactions in response to the
addition of alarm substance regardless of the cover level while the response in clear water varied
depending on the cover (Table 7). The addition of cover caused a significant reduction in the
number of dashes observed in response to the addition of alarm substance in clear water (¢4 =
4.258, p = 0.006; Figure 17). Minnows in clear water with cover showed no significant
difference between the number of dashes in response to alarm substance or to the muscle control
(t4 = 1.928, p =0.126; Table 7). Fish that did not react to alarm substance in cover when the
water was clear demonstrated a significant increase in the number of dashes when the water
became turbid (t4 = 5.202, p = 0.004; Figure 17).

The reaction to the alarm stimulus did not differ significantly between the five groups.
Each group displayed a similar proportion of dashes and a similar number of dashes (Figure 18,
Figure 19). One way ANOV As did not demonstrate any significant differences in the proportion
(Period 1: F, ;5= 0.614, p = 0.655; Period 2: F, ;= 1.788, p = 0.153) or number of dashes (Period
1: F, ;5= 0.560, p = 0.693; Period 2: F, ;5= 0.590, p = 0.672) performed by each group in the first

two one minute periods of the post-exposure period.
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Table 7. The mean number of dashes (+ 1 s.e., (post-exposure) - (pre-exposure)) observed for the

five groups of minnows in response to the introduction of alarm stimuli in Experiment 2. The
treatments which provide support for the sensory compensation hypothesis are shaded. C+ =

alarm substance; C- = muscle control.

Cover

Turbidity
Low High
c+ c- C-
High 642+/-256 0.20 +/- 0.86 0.8 +/- 0.97
None 27&+/- 4.40 1.2 +/-0.66 | 30.2 +/-1.43| -0.6 +/-0.40




57

A)
40 _
» !
®
'§307.
S
T 10°
- 1
£ o N :
1 2 3 4 5 6 7 8 9 10 11 12 13 14 1§
Post Exposure Time Period
B)
=40'.'
§ w0
S 2.
= 10’.i
e :
; 0‘- i—. . P S T,
1 2 3 4 S 6 7 8 9 1011 12 13 14 15
Post Exposure Time Period
C)

o M u.

1 2 3 456 7 8 9 1011 12 13 14 15

Mean # of Dashes
N
o

Post Exposure Time Period

Figure 17. The mean number of dashes (z 1 s.e.) performed by the five groups of minnows in
the treatments important for support of the sensory compensation model: A) Clear water, no-
cover, and alarm substance; B) Turbid water, cover, and alarm substance; C) Clear water, cover,

and alarm substance.
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Figure 18. Inter-group variation of the mean proportion of dashes (z 1 s.e.) observed during each
one minute time period of the total 15 minute post-exposure period of all of the 8 treatments of
Experiment 2.
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Figure 19. Inter-group variation of the mean number of observed dashes (+ 1 s.e.) during the 15
minute post-exposure period of all of the 8 treatments of Experiment 2.
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Table 8. The mean number of freezes (£ 1 s.e., (post-exposure) - (pre-exposure)) observed for
the five groups of minnows in response to the introduction of alarm stimuli in Experiment 2. C+
= alarm substance; C- = muscle control.

Turbidity
Low High
C+ C- C+ C-
Cover High 0+/-0 0.6 +/- 0.6 0.2+/-0.2 0+/-0
None 0+/-0 0+/-0 0+/-0 0.2+/-02
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2.3 Freezing

[n Experiment I, freezing was rarely observed in the absence of a predator and this trend was
also observed in these experiments (Table 8). In all cases, there were very few observed freezes
(Figure 20), and in several treatments, no freezes were observed in any of the groups. There
weren't any significant relationships between freezing and any of the treatments, cover (test
statistic = 0.15, p = 0.74, 2000 replications), clarity (test statistic = 0.05, p = 1.0, 100

replications), or chemical cue (test statistic = 0.15, p = 0.74, 2000 replications).
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Figure 20. The distribution of the number of freezes [(post-exposure) - (pre-exposure)] observed
for all groups of minnows in all 8 treatments in Experiment 2.
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Discussion

The sensory compensation model predicted that prey should preferentially use the source of
information which most reliably indicates the presence of a predator. This would allow prey to
respond to a predator at a greater flight distance. In clear water, visual cues were predicted to be
the most important. The model also predicted, as did Magurran et al. (1996), that the level of risk
will affect the response to alarm substance. The unique predictions of the model involved the
effects of changes in visibility as a result of variations in turbidity. Increased turbidity reduced
visual input resulting in lower detection distances (see Figure 1). Fish in low risk treatments that
did not respond to alarm substance in clear water were expected to respond when the turbidity of
the water was increased. This was predicted because fish should respond to decreased visual
information by increasing their sensitivity to alternate cues.

The results of my experiments are consistent with this model. In clear water, decreasing
the level of risk or increasing risk acceptance resulted in a significant reduction in the number of
dashes performed in response to the introduction of alarm substance. Similar results have been
observed by Brown and Smith (1996), Magurran et al. (1996) and Irving and Magurran (1997).
The unique prediction of the sensory compensation model was that fish which did not respond to
alarm substance in clear water would demonstrate an increase in sensitivity and respond to alarm
substance when the water became more turbid. My resuits demonstrated that the fish that did not
respond in clear water showed a strong response to the alarm substance when the water was
turbid. The data indicate that when the water becomes turbid and visual input is reduced, prey
increase their sensitivity to alarm substance.

Data consistent with the sensory compensation model have been observed elsewhere.

Diving beetles (Acilius sulcatus) in a fluvarium did not respond to the scent of a hungry perch



64

predator in the absence of a visual stimulus during the daytime but with reduced light, the beetles
reacted strongly to the predator scent (Abjémsson et al. 1997). Abjémsson et al. (1997) do not
offer a specific hypothesis for their results but these data are consistent with the sensory
compensation hypothesis. The model predicted that when faced with reduced visual input,
animals should be more sensitive to alternate inputs to obtain the best information possible.
Diving beeties have well developed eyes which suggests they may rely mainly on visual
information (Abjornsson ef al. 1997). When visual information is reduced, the beetles
demonstrate an increased sensitivity to chemical cues.

Bruski and Dunham (1987) demonstrated that various crayfish of the genus Orconectes
increased their use of mechanoreceptive organs when visual input was reduced at night. These
crayfish are preyed upon by diurnal perch and nocturnal eels (Anguilla anguilla). During the day,
visual stimuli should be important for detecting the perch but when the light levels are reduced,
increased use of mechanoreception would allow the crayfish to better detect predatory eels
(Blake and Hart 1993). These data are also consistent with the sensory compensation model in
that they demonstrate an increased use of alternate cues (mechanosensory) to detect predators
when visual input becomes reduced and visual information is less reliable.

The level of risk strongly influenced the response to cues indicating the presence of a
predator. Hungry minnows, which were more willing to accept risk, did not respond to the alarm
substance when the predator was absent but they did react when the predator was added. The
presence of the visual predator stimulus combined with the proximity of the predator (maximum
distance = 80 cm) represented a greater risk of predation. Similarly, mayfly larvae
(Paraleptophlebia adoptiva) only responded to chemical cues when a predator was visible (Ode

and Wissinger 1993). These results demonstrate that the sensitivity to chemical cues in clear
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water is mediated by the level of risk. In clear water, chemical cues are not as reliable as visual
information; therefore, the sensory compensation model predicts that animals should be less
sensitive to the chemical cues. When the level of risk is increased, animals should be more
sensitive to all inputs, including chemical. The mayflies may have been less willing to respond to
the chemical cue because of a decreased level of risk. Adding a predator increased the risk and a
response was observed.

The sensory compensation model provides a resolution to the controversy surrounding
the use of alarm substance. Smith (1997) argued that the alarm substance is an alarm pheromone
designed to convey information about the presence of a predator. Smith cites previous field
observations and field experiments involving the use of traps as his evidence (Von Frisch 1938;
Smith 1976; Mathis and Smith 1992a, b; Chivers et al. 1995). Many previous laboratory
experiments have demonstrated that fish respond to alarm substance without a predator present
(Verheijen 1956; Pfeiffer 1962, 1963a; Brown and Smith 1996; Irving and Magurran 1997). As
proposed by Magurran et al. (1996), my experiments demonstrate it is due to the relative risk of
predation. Fish in a confined environment have reduced opportunities of escape. This represents
a higher risk situation and therefore fish are more willing to respond to the presence of alarm
substance. When [ manipulated the risk or risk acceptance associated with a trial by increasing
hunger or cover, minnows were less willing to respond to the presence of alarm substance.
Therefore increasing the level of risk strongly influences the response to alarm substance. This
level of risk may have been a significant factor influencing the responses observed in the field
experiments cited by Smith (von Frisch 1938; Smith 1976). In both of these examples, direct
observations were made by human observers during the experiments. Minnows in the

experiments conducted by von Frisch (1938) responded to the release of alarm substance from an
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injured shoal member. I suggest this reaction was observed due to the presence of alarm
substance and the presence of the observer which could represent a large predatory stimulus. The
presence of the observer would increase the risk of predation associated with the trial and would
result in the minnows' being more sensitive to the release of alarm substance. The experiments
by Smith (1976) demonstrated similar reactions which again would be due to the presence of the
observer combined with the alarm substance.

The trap experiments cited by Smith do not discuss the immediate response of the
minnows (Mathis and Smith 1992a, b; Chivers et al. 1995). There were significantly more
minnows caught in the control traps than in the traps marked with alarm substance. This could
have been a result of the confined nature of the traps. A trap may represent a safe area for the
minnows to hide but they were not willing to enter a confined area that was scented with alarm
substance. This situation would represent a greater risk of predation which would result in fewer
trapped minnows.

My model and experiments take the hypothesis proposed by Magurran ef al. (1996)
further by introducing the effect of information availability. Magurran et al. (1996) proposed that
the response to alarm substance is mediated by the level of risk in which it is encountered. They
suggest that alarm substance is a cue and the minnows should only respond when the level of risk
is increased. They state that fish should not respond to alarm substance when they are in a natural
setting because they sense a low level of risk. They suggest this is a result of familiarity with the
habitat. Minnows in natural settings are aware of the potential escape routes and may even be
familiar with local predators (Magurran et al. 1996). Magurran et al. (1996) propose that when
the level of risk is increased, the minnows are predisposed to react to the cue. My model

predicted and my results confirmed that fish do respond to alarm substance in low risk situations
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but only when the availability of visual information becomes significantly reduced. [ determined
that sensitivity to alarm substance is not only affected by the level of risk but also by the
availability of information to the senses. When the primary source of information becomes
reduced, minnows are more willing to use alternate cues.

Dashing was the most obvious response to alarm stimuli in my experiments. Other
experiments have demonstrated a wide variety of actions in response to encountering a danger
stimulus (Levesley and Magurran 1988; Magurran 1990a; Smith 1992; Krause 1993a). When
dashes were observed, they occurred directly after the addition of the alarm stimulus.

When freezing did occur, it followed the initial dashes. Freezing was observed in clear
water when the predator was present. Initially, dashing would serve to confuse the predator by
preventing it from focusing on one individual. Then a lack of motion due to freezing would make
the individual more difficult to detect. In my preliminary experiments, hiding and freezing
appeared to be the most important components. These experiments were conducted in a 40 liter
aquarium which was filled with substrate and an area to hide. In the test apparatus, there was no
substrate and there were no areas for the minnows to hide. The lack of a substrate could have
limited the number of freezes. A freezing animal relies on a lack of movement to avoid detection
(Fuiman and Magurran 1994) and without a substrate, the minnows should be less able to
effectively blend with their surroundings. Although there was a lack of substrate, freezing in the
presence of the predator in clear water would reduce the possibility of detection (Fuiman and
Magurran 1994). Movement increases vulnerability to visually hunting predators (Wright and
O'Brien 1984; Lawler 1989; Sih and Moore 1989) and this increased prey movement enables

prey detection and initiates attack by many predators (Burghardt 1964; Wodinsky 1971).



68

Freezing was rarely observed in turbid water in response to the introduction of either
alarm stimulus. A response to the predator was not anticipated because of the significant
reduction in the visual range. If the animal is unable to detect the predator, a response should not
occur, either in the form of dashes or freezes. The lack of freezing in response to the addition of
alarm substance poses an interesting question. Werner and Anholt (1993) predict that as the
movement of each individual increases, the encounter rate will also increase. In light of this, the
absence of freezing in my experiments appears to be counterproductive. If an animal has
information that a predator is in the vicinity, movement should decrease to reduce the possibility
of an encounter with a predator. A possible explanation for the lack of observed freezes could be
the size difference between predator and prey. This difference favors the prey in turbid water
because for an individual to become a predator, it must be large enough to consume the smaller
prey. As a result, a predator would present a larger image in turbid water when compared to the
prey. This could result in the prey having a larger detection distance and would allow the prey to
detect the predator first and employ the appropriate antipredator behavior (Ydenberg and Dill
1986). If prey do have the ability to detect the predator first, freezing may not be necessary.

Along with a decrease in freezing, there was a significant increase in movement by the
fish when they were in turbid water. During the pre-exposure trials, each group of minnows
moved further and faster than when they were in clear water. This result is consistent with other
studies involving turbidity. Vandenbyllaardt et al. (1991) found that fish formed looser schools
and increased swimming activity when in turbid water and Gregory and Northcote (1993)
showed that juvenile chinook salmon increased their foraging rates at increased turbidity levels.
This increased movement demonstrated in my experiments could have been an effort to increase

their contact with food. In clear water, the entire apparatus was visible and the fish should have
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been able to determine the availability of food. When the water became turbid, visual range was
only a few centimeters (see Figure 2). As a result, the minnows did not have the ability to
determine if food was available in the apparatus and they may have increased their movement in
an effort to encounter more food.

An interesting result of my experiments was that hungry fish did not respond to the
presence of alarm substance in clear water but they did react strongly to the presence of the
visual predator stimulus. Many experiments have demonstrated that increasing the hunger level
increases the willingness of an individual to risk exposure to a predator (Bumann et al. 1997; Dill
and Gillett 1991; Godin and Crossman 1994; Krause 1993b; Magnhagen 1988a, b; Magurran
1990a). My experiments demonstrated that fish were less willing to respond to a cue indicating a
potentially dangerous situation (i.e., alarm substance) but when faced with a predator, they still
displayed a response.

Fish in natural settings should respond to alarm substance when certain conditions are
present. When minnows are faced with reduced visual input, they become more sensitive to the
presence of alarm substance. Along with turbidity, factors such as darkness or increased depth in
the water, visual defects or injury should increase sensitivity to the presence of alarm substance.
Blind fish introduced to alarm substance showed stronger reactions to the stimulus than did fish
with normal vision (G6z 1941). A high number of predators in the environment will also cause
increased sensitivity to alarm substance. More predators would increase the risk associated with
the environment as a result of an increased probability of encountering a predator. Levesley and
Magurran (1988) demonstrated that populations of minnows that regularly encounter pike were
found to be more likely to respond to the presence of alarm substance than were minnows which

were unfamiliar with pike predators. A lack of cover or refuges would represent an environment
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with an increased risk of predation (Savino and Stein 1989) as a result of reduced opportunities
of escape which would result in more responses to alarm substance.

Other factors will result in a reduced sensitivity to alarm substance. A lower risk of
predation would result in fewer responses to alarm substance. A predator-free environment,
knowledge of safe areas, or increased cover or refuges would lower the risk of predation. Fish in
shoals have several benefits which reduce the risk of predation (Magurran et al. 1985). Larger
shoals are more adept at detecting predators than are smaller shoals (Godin et al. 1988). If
detected, shoals are less likely to be attacked (Keenleyside 1979), and if a shoal is attacked,
individuals are less likely to be captured (Neill and Cullen 1974). Fish in larger shoals are less
sensitive to alarm substance than fish in smaller shoals or single fish (G6z 1941; Magurran and
Pitcher 1987). Acceptance of a greater level of risk due to reproductive behavior such as
guarding a territory or offspring (Magnhagen 1990), or attempting to mate (Magnhagen 1992),
would make fish less sensitive to alarm substance. The costs of fleeing become greater as a result
of the time and energy invested in the reproductive activity which would be lost if the animal did
flee (Magnhagen 1991, 1992).

The presence of alarm substance conveys information that a predator may be in the area
but it does not identify the identity or current location of the predator. Detecting alarm substance
allows the individuals to perform antipredator behavior. The response to alarm substance in
turbid water should be one which allows the prey to respond to all types of predators, either bird,
invertebrate, mammal, or fish. If a given population of minnows is predominately preyed upon
by one type of predator, then the response to alarm substance should be the behavior which best
counteracts the hunt and capture strategy of that predator. The type of response demonstrated

should also reflect the characteristics of the environment. If certain areas are not accessible to
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predators as a result of habitat structure, prey should dash and seek refuge in those areas when
they are threatened with alarm substance. The characteristics of the environment must be
considered along with the hunting strategies of the predator. An increased amount of cover
would allow individuals an opportunity to hide rather than dash or freeze in the open but ambush
predators would prefer hunting from areas with cover (Savino and Stein 1989).

Agquatic predators should also demonstrate an ability to compensate for a reduction in
visual information. When predators are faced with a reduction in visual information, they could
increase the sensitivity of their alternative sensory mechanisms, such as mechanical or chemical
senses, to detect prey. It has been demonstrated that minnow predators are attracted to the
presence of alarm substance (Mathis et al. 1995; Chivers et al. 1996). I do not believe that
predators should alter their sensitivity to the presence of alarm substance when faced with
changes in visibility. When alarm substance is present, it is a definite indication that injured prey
is near. When a predator is hunting, it should use a chemical cue regardless of the visible
conditions. Other than alarm substance, little is known about the chemicals released by minnows.
[f minnows did release other chemicals, there is no reason for the predators to ignore them in
clear water. The costs to the predator associated with responding to a false chemical cue are only
energetic costs.

When in turbid water, predators should maximize their ability to detect or contact prey
but at the same time, avoid their own predators. Increasing movement will result in a higher
probability of encountering prey because the rate of contact is a function of speed but it also
increases the probability of encountering a predator (Werner and Anholt 1993). Experiments
have demonstrated that prey may be less effective at escaping predators when the water is turbid.

Abrahams and Kattenfeld (1997) found that perch predators did not display any size preference
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in turbid water but they caught a similar number of minnows in clear and turbid water. This
indicates that encountering prey in turbid water results in a much higher probability of capture as
a result of ineffective antipredator behavior. Therefore, I would predict that predators can
compensate for a reduction in visibility by increasing their movement. The encounter rate will
increase and the probability of obtaining a meal from an encounter increases also but this
increased movement must be balanced with the probability of encountering a predator.

My experiments have demonstrated that fish are capable of adjusting their sensitivity to
chemical cues based on the level of risk, the sensitivity to risk, and the availability of visual
information. There is information that this compensation can cause morphological changes over
time. Huber and Rylander (1992) and Van Staaden et al. (1995) found that species of fish
inhabiting turbid water had better developed olfactory apparatus when compared with species
from clear water. The increased development of these structures suggests a greater reliance on
the use of chemicals to obtain information from a more turbid environment (Van Staaden et al.
1995). Therefore it appears minnows in turbid water should have an increased ability to use
alarm substance to detect the presence of a predator. This indicates that minnows in turbid water

may have the ability to modify their behavior in an effort to decrease their mortality rates.
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Appendix 1. The measurements taken from the donor fish used to make to alarm substance and
muscle control in A) Experiment 1 and B) Experiment 2.

A)

Fish |Total length (mm)| Wet weight (g) | Skin area (cm®) | Skin weight (g) [Caudal weight (g)

1 73.73 447 11.38 0.41 0.42

2 54.33 1.16 6.11 0.17 0.17

3 70.31 3.24 6.30 0.12 0.22

4 69.81 3.39 12.31 0.31 0.20

5 60.40 2.06 6.56 0.33 0.25

6 77.81 4.30 10.22 0.50 0.60

7 65.81 244 8.24 0.27 0.23

8 57.45 1.76 4.17 0.17 0.24

9 55.07 1.44 6.12 0.16 0.19

10 59.90 1.75 7.38 0.20 0.16

11 71.15 3.51 9.67 0.45 0.51

12 56.51 1.62 4.20 0.10 N/A

Mean 64.36 2.60 7.72 0.27 0.29

Std. Error 2.33 0.33 0.77 0.04 0.05

Total 772.28 31.14 92.66 3.19 3.19

B)

Fish |Total length (mm)] Wet weight (g) Skin area Skin weight (g) | Caudal weight (g)

1 69.20 3.13 9.29 0.37 0.35

2 68.40 3.16 8.98 0.47 0.48

3 60.08 1.81 483 0.24 0.20

4 60.66 2.11 6.72 0.30 0.33

5 64.57 2.65 8.98 0.40 0.40

6 57.68 1.61 6.62 0.20 0.22

7 65.81 244 8.24 0.27 0.23

Mean 63.43 241 7.57 0.33 0.33

Std. Error 1.93 0.27 0.73 0.04 0.05

Total 380.59 14.47 4542 1.98 1.98




Appendix 2. The Visual Basic program used for the approximate randomization. This version
involved the presence or absence of a predator for Experiment 1. To analyze the other treatments
and the other experiment, the program was slightly modified. Program comment statements are
capitalized.

Sub predprog()
Worksheets(2).Select
Dim y(80), x(80), v(97)
Range("b5:b8").ClearContents
'SET THE SAMPLE SIZE
m = Cells(2, 2)
'DEFINE THE NUMBER OF REPLICATIONS
NS = Cells(4, 2)
'NGE = THE NUMBER GREATER THAN OR EQUAL TO; SET THE VALUE TO 0
nge=20
'ENTER THE DATA
Fori=1Tom
x(i) = Cells(11 +1, 2)
y(i) =Cells(11 +1i, 3)
Next i
'GO TO THE FUNCTION THAT CALCULATES THE DIFFERENCE BETWEEN THE
MEANS OF THE TREATMENTS
ActualStat = statistic(m, x(), y0)
Cells(3, 2) = ActualStat
'SHUFFLE AND RECALCULATE THE TEST STATISTIC
For shuffle = 1 To NS
Call simpleshuffle(y(), m)
Pseudostat = statistic(m, x(J, y())
If Pseudostat >= ActualStat Then nge = nge + 1
Next shuffle
'CALCULATION OF THE P-VALUE
Cells(5,2)=(nge+ 1) /(NS + 1)
End Sub

'FUNCTION USED TO CALCULATE THE DIFFERENCE BETWEEN THE MEANS
Function statistic(m, x(), y()
Dim table(2, 2)
'SET TABLE VALUES TO 0
Fori=0To l

Forj=0Tol

table(i, j)=0
Next j



Next1
'ENTER THE DATA INTO THE TABLE
For replicate = 1 To 80

i = x(replicate)

j = y(replicate)

table(i, j) = table(i, j) + 1
Next replicate
'OBSERVED - EXPECTED THEN SUM THE DIFFERENCES
predator = (table(1, 1) - 25.5) + (14.5 - table(1, 0))
nopredator = (25.5 - table(0, 1)) + (table(0, 0) - 14.5)
statistic = predator + nopredator
End Function

'SUBROUTINE USED TO RANDOMLY SHUFFLE THE DATA
Sub simpleshuffle(y(), m)
Forj=1Tom-1
' RANDOM NUMBER GENERATOR
u=Rnd
k=j+Intf(u*(m-j+1))
temp = y(k)
y(k) =y(@)
y(j) = temp
Next j
End Sub
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