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ABSTRACT

This thesis examines how dominance status of crayfish alters responses to their own

reflection. Crayfish are social animals that fight to develop a dominance hierarchy

consisting of dominant and subordinate members. After socialization, crayfish were

videotaped in an aquarium with mirrors on one half of the tank and a non-reflective

plastic on the other half. Dominants paired for 14 days perform more cornering, turning,

crossing and spent more time in a reflective environment versus a non-reflective

environment. Subordinate crayfish exhibit more reverse walking in a mirrored

environment while isolated crayfish show no preference for reflection. This change in

behaviour occurs immediately for dominants paired for 30 min while subordinates require

3 days of pairing to exhibit the same behaviour as subordinate crayfish paired for 14 days.

Thus, 30 min of pairing is required to enhance responses to a reflection observed in

dominant crayfish while 3 days is required to decrease subordinate responses to a

reflection. These findings propose that male socialized crayfish respond to their mirror

image as they do a male conspecific. Their responses depend on both their dominance

status and the length of socialization which suggests that crayfish are learning to behave

in a characteristic manner as a result of their social experience.
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CHAPTER 1:

GENERAL INTRODUCTION

Previous work (Drozdz et al., 2006) showed that crayfish can respond to reflective

surfaces by increasing the frequency of specific behaviours. This thesis examines

responses of crayfish to reflective surfaces and focuses specifically on how such

responses are affected by dominance status. The thesis contains two major components,

each of which addresses a separate question. The first component addresses the question

of whether or not the dominance status can alter any reflection-enhanced behaviours. The

second component addresses the question of how responses of dominant and subordinate

crayfish develop with time. The goal of the thesis is to provide some understanding of

more fundamental issues, such as the extent to which invertebrates perceive their own

mirror image as a conspecific and the role visual inputs may play during agonistic

encounters.

Aggression

Aggression has been investigated and identified in most social species.

Aggression has been classified into categories. When a member of a species displays

aggression, it is usually directed toward a predator, prey or conspecific (Moyer, 1968).

Aggression is commonly observed during competition for food, shelter, territory and

mates. Most females are also very aggressive while caring for their offspring. The

current studies deal with aggressive behaviour between conspecifics of red swamp
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crayfish, Procambarus clarkii. The results reported here add to the knowledge of how

crayfish interact aggressively and how social experience influences their behaviour.

Agonistic encounters with conspecifics have been observed in lobsters (Huber and

Kravitz, 1995; Huber et al., 1997; Breithaupt and Atema, 2000), crabs (Huntingford et al.,

1995; Sneddon et al., 2000), shrimp (Herberholz and Schmidt, 1998) and crayfish

(Bovbjerg, 1953, 1956; Lowe, 1956, Bruski and Dunham, 1987, Issa et al., 1999;

Bergman and Moore, 2003). The crayfish species Procambarus clarkii is particularly

aggressive, exhibiting fighting behaviour almost immediately when housed with

conspecifics. Male P. clarkii perform characteristic and well documented aggressive

behaviours (Yeh et al., 1997; Issa et al., 1999; Daws et al., 2002). If crayfish are paired,

an agonistic contest will begin shortly after they encounter one another. An encounter

begins with an exchange of pushes, antennae whips, lunges, and strikes with the chelae.

As the bout progresses opponents grasp each other's claws and rip, pull or strike with the

other claw (Bovbjerg, 1953; Tiemey et al., 2000; Bergman and Moore, 2003;). During

the encounter crayfish urinate on each other, presumably to relay information about their

internal state, and perform an exhange of antennae sweeps, likely to receive urine signals

better (Zulandt Schneider et al., 2000; Breithaupt and Eger, 2002; Bergman and Moore,

2005). Eventually one member of the pair will retreat from the encounter and is deemed

the loser by the observer. After a number of retreats the losing crayfish will begin to

avoid contact with the winning crayfish, and at this point the losing crayfish is usually

deemed subordinate, while the winning crayfish is deemed dominant (Goessmann et al.,

2000; Herberholz et al., 2001 ; Bergman et al., 2003). The larger of the pair is more likely
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to win agonistic contests (Bovbjerg,1956; Guiasu and Dunham, 1997; Issa et al., 1999;

Rubenstein and Hazlett, 1974), and the winner of the first encounter is more likely to win

future encounters (Goessmann et al., 2000; Daws et al., 2002; Bergman et al., 2003).

There are many rewards for dominant crayfish, including first access to food, shelter and

mates (Bovbjerg, 1953, 1970; Hazlett,1979; Rutherford et al., 1995).

In a laboratory setting, fighting occurs in the absence of a stimulus such as food or

shelter, suggesting a predisposition toward aggression (Guiasu and Dunham, 1997; Issa

et al., 1999; Goessmann et al., 2000; Kravitz and Huber, 2003). Following the initial

aggressive bouts between socialized crayfish, the number of encounters decreases over

time, possibly because of the avoidance behaviour exhibited by subordinate crayfish

(Copp, 1986; Krasne and Edwards, 2002). If more than two crayfish are housed together,

a linear dominance hierarchy is developed (Bovbjerg, 1953). This hierarchy does not

exist as extreme poles of dominance and submissiveness but as lessening degrees of

dominance, ranging in aggressive behaviour from the most dominant member to the most

subordinate member. When crayfish are paired, however, the hierarchy contains one

dominant and one subordinate member, each clearly exhibiting behaviours comparable to

the most dominant and most subordinate members of a larger dominance hierarchy

(Bovbjerg, 1953; Bruski and Dunham, 1987; Huber et al., 1997; Issa et al., 1999; Tiemey

et al.,2000). Rank reversals between paired crayfish are infrequent and are usually

attributed to the dominant crayfish becoming injured or molting; thus, rankings are

relatively stable over time (Bovbjerg, 1953; Lowe, 1956; Goessmann et al., 2000; Song et

al., 2006).
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Differences between Dominant and Subordinate Crayfish

There are physiological changes that occur as a result of establishing dominance

ranks. Dominant crayfish exhibit a reduced threshold for activation of the lateral giant

intemeurons, which mediate tail flip escape in response to stimuli from the rear during

agonistic encounters, whereas the threshold increases in subordinate crayfish (Krasne et

al., 1997). The subordinate escape response is likely suppressed because of repeated

stimulation of the tail or abdomen by the dominant crayfish during agonistic encounters.

The lateral giant escape reaction is also enhanced by serotonin in dominant crayfish but

inhibited by serotonin in subordinate crayfish. Yeh and colleagues (1996) demonstrated

that in subordinate crayfish serotonin application reversibly reduced excitatory post

synaptic potentials (EPSPs) in the lateral giant neuron in response to sensory nerve

shocks, whereas in dominant crayfish the effect of serotonin on the lateral giant neuron

was reversibly enhanced. Furthermore, when newly subordinate crayfish (previously

dominant) were examined, serotonin continued to increase the response of the lateral

giant neuron for up to 38 days of socialization. In new dominant crayfish (previously

subordinate) serotonin had an enhancing effect not different from what was seen when

dominants developed from encounters with isolated crayfish. In later experiments, 5-HTi

and 5-HT2 receptor types were examined, using receptor-specific agonists (Yeh et al.,

1997). A 5-HTi receptor agonist, mCPP CI2, had no effect on the lateral giant neuron

response in isolated crayfish but significantly increased the stimulus threshold of the

lateral giant neuron in both dominant and subordinate crayfish. A 5-HT2 receptor agonist.

10
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a-CH35-HT, irreversibly increased the lateral giant neuron response in isolated crayfish

but reversibly increased the response in dominants and subordinates.

Although the possible mechanisms for changes resulting from dominance status

are not known, most evidence suggests that serotonin plays a role. Serotonin injections

into both crayfish and lobsters produce an elevated posture with the abdomen extended

and raised chelae or meral spread. In contrast, injections of octopamine produce a lower

posture, with the tail outstretched and chelae out-front and low (Livingstone et al., 1980).

Injections of serotonin into dominant crayfish (Astacus astacus) and lobsters (Homarus

americanus) do not alter aggression, but injections into subordinate crayfish and lobsters

increase the fight intensity and duration of encounters compared to bouts that occur prior

to the injection (Huber et al., 1997; Huber and Delago, 1998). In another report,

serotonin injections into crayfish {P. clarkii) altered posture in a dose-dependent manner

but were found to reduce aggression, whereas injections of 5-CT, a serotonin analog,

enhanced agonistic behaviours (Tierney and Mangiamele, 2001).

In addition to physiological changes, behavioural changes also occur as a result of

a particular dominance status. Subordinate crayfish do not approach dominant crayfish as

often as "socially naive" crayfish approach dominant crayfish (Copp, 1986). Copp (1986)

counted the number of contacts subordinate and naive crayfish {P.clarkii) made with a

plastic barrier with and without a dominant crayfish on the other side. Subordinate

crayfish made contact with the barrier significantly more when no dominant crayfish was

present than when a dominant crayfish was present. The number of approaches did not

depend on whether the dominant crayfish was familiar or unfamiliar. Dominant and

11
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subordinate crayfish also react differently to an unexpected touch of the tail (Song et al.,

2006). Under red light, a paint brush was used to deliver an unexpected touch to the tail

of isolated crayfish tested alone, and subordinate and dominant crayfish separated by a

divider. No significant differences between the responses of the three groups were found,

and most crayfish turned predominantly toward the stimulus. In the presence of a

subordinate crayfish, dominant crayfish oriented toward the stimulus. In the presence of

a dominant crayfish, subordinates backed away from the unexpected touch. Moreover,

when separated from their dominant partner by a barrier subordinate crayfish turned

toward the touch (Song et al., 2006). Thus, behaviour can depend on both rank and the

presence or absence of a conspecific.

Sensory Inputs

Agonistic encounters between crayfish depend on at least three modes of sensory

input: visual, tactile and chemoreceptive (Scrivener, 1971; Rubenstein and Hazlett, 1974;

Bruski and Dunham, 1987; Delgado-Morales et al., 2004). Fighting occurs in the absence

of sight (Kellie et al., 2001 ; Li and Cooper, 2002), but vision appears to play an important

role in certain fighting behaviours. Taction appears to be important for striking, pushing

and antennae tapping (Bruski and Dunham, 1987), but in healthy intact crayfish a

combination of all three senses is likely utilized during agonistic encounters. In recent

years, the role of chemical cues has been examined extensively (Tiemey and Dunham,

1982; Hazlett, 1999; Zulandt Schneider et al., 1999, 2000, 2001; Breithaupt and Eger,

2002) and found to play a very important role in the intensity and outcome of fights

12
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(Bergman et al., 2003; Delgado-Morales et al., 2004). Crayfish urinate on one another

during agonistic contests and urinate significantly more than during non-social behaviours

(Breithaupt et al., 1999). In fact, urine output increases as the fight intensity increases for

both dominant and subordinate members, but winning members are more likely to urinate

and urinate for a longer duration than subordinate members in crayfish and lobster

(Breithaupt and Atema, 2000; Breithaupt and Eger, 2002).

The concept of individual recognition in crayfish and the role of sensory

modalities have been debated in the literature for decades. Most researchers agree that

some recognition occurs, either of the individual crayfish or its status, partly because the

number of contacts or encounters between familiar opponents is lower than between

unfamiliar opponents (Crook et al., 2004). Early research reported that crayfish can

indeed recognize individual conspecifics (Lowe, 1956). Since then Karavanich and

Atema (1998) have shown that lobsters can recognize the difference between familiar and

non-familiar winners, suggesting that it is the individual conspecific that the lobster is

recognizing and not the aggressive state or dominance status. Alternatively, others have

concluded that it is the status of the individual or internal aggressive state that is

recognized (Copp, 1986; Zulandt Schneider et al., 2001; Gherardi and Daniels, 2003).

Results indicating that crayfish can recognize dominant individuals through chemical

detection alone suggest that chemoreception is involved in the recognition (Zulandt

Schneider et al., 1999). Other work indicates that prior experience influences fighting

behaviour and suggests that this is the reason encounters are reduced between familiar

opponents (Daws et al., 2002). The overall picture emerging from these studies is that

13
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recognition of a dominant conspecific, primarily by subordinates, requires a combination

of visual, tactile and chemical cues. As with fighting, recognition may occur in the

absence of one or more of these modalities but probably requires all three to be optimal.

Responses to Reflection

Some higher order species such as common chimpanzees (Gallup, 1970),

elephants (Plotnik et al., 2006) and dolphins (Reiss and Marino, 2001) appear to perceive

self in a mirror image. Self recognition is determined using the mark test, where a spot is

marked on the head of the test subject in a location that not visible to the participant

without the use of a mirror (Gallup, 1970). If the subject touches the spot or tries to

remove it while looking in the mirror, self-recognition is determined. Other vertebrates

such as parrots (Pepperberg et al., 1995), jungle crows (Kusayama et al., 2000), sea lions

(Shusterman et al., 1967) and fighting fish (Thompsom and Sturm, 1965; Craft et al.,

2003) appear to respond to their mirror image as they would to a conspecific, usually by

performing an aggressive display. For this reason, mirrors are commonly used to replace

live conspecifics in experiments. Although the behavioural responses to a conspecific

and to a mirror appear to be similar, Siamese fighting fish have been shown to prefer a

live conspecific over a mirror image (Thompson and Sturm, 1965).

Until recently, the only crustaceans that have been reported to respond to mirrors

are hermit crabs (Dunham et al., 1986), which respond by running toward or away from

the mirror or by making contact with it. These behaviours are similar to those seen in

agonistic contests and were inversely correlated with the amount of camouflage on the

14
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hermit crab shells. The less camouflaged the animal is, the quicker these responses occur.

These observations suggest that hermit crabs perceive the mirror image as a conspecific.

Recently the responses of adult male crayfish to a reflection were examined

(Drozdz et al., 2006). Specific behaviours such as turning, rearing up and remaining in a

corner were enhanced by mirrors placed in an aquarium and even by the reflection

provided by the aquarium glass. These behaviours did not occur as frequently when the

reflection in the aquarium was taken away by painting the aquarium walls, lining the

walls with construction paper or lining the walls with a clear, non-reflective plastic.

When crayfish were observed in a tank with mirrors lining one half and non-reflective

plastic lining the other half, these behaviours were performed more frequently on the

reflective side of the tank than on the non-reflective side. These responses to reflective

walls occurred in crayfish taken from a large, communal tank and crayfish maintained in

social pairs for two weeks. They did not occur in crayfish that had been isolated for two

weeks. Thus, the ability of reflective surfaces to enhance specific behaviours, such as

turning, rearing up and remaining in a comer, required socialization.

As described previously, crayfish socialized for two weeks develop stable

dominance hierarchies and exhibit behavioural and physiological changes due to a

dominant or subordinate rank. The social ranking of crayfish was not known during

previous experiments with crayfish and mirrors. The role of dominance status in response

to a reflection is of particular interest and will aid in our understanding of how crayfish

visually perceive their environment. The present thesis investigates the responses of

dominant, subordinate and isolated crayfish to a reflective environment. It tests the

15
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hypothesis that dominant and subordinate crayfish respond differently to a reflective

environment. Crayfish that were sociahzed for two weeks and crayfish isolated for two

weeks were videotaped for 20 min in a test tank containing mirrors lining one half of the

aquarium and a matte plastic lining the other half of the aquarium. For the purpose of this

thesis, socialization refers to the pairing of two crayfish. Exploratory and motor

behaviours such as cornering, turning and crossing the tank were assessed. The results

indicated that dominant and subordinate crayfish respond differently to reflective

surfaces. Only the dominant crayfish spent more time on the reflective side of the tank

and performed certain behaviours (cornering, turning toward comers, turning at the side

of the tank and crossing) more on the reflective side of the tank. Only subordinate

crayfish performed more reverse walking on the reflective side of the aquarium. Isolated

crayfish exhibited no significant differences in behaviour between the two sides of the

tank.

The effect of dominance status on responses to reflective surfaces was initially

studied using crayfish that were paired for two weeks. The time over which such

responses develop and their stability over time were not investigated initially. Several

researchers have demonstrated that certain behaviours change with the length of

socialization. Issa and colleagues (1999) found that the frequency of attacks between

crayfish pairs decreases rapidly in the first 24 hours of an initial encounter, but a longer-

term effect over two weeks is observed as aggressive activity decreases in both members

of the pair. Although the frequency of fighting behaviour declines, the duration of fights

remains constant over time (Gherardi and Daniels, 2004). Kellie et al. (2001) reported

16
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that crayfish were capable of both rapid, short-term and slower, long-term modifications

in the tail flip response and habituation to a stimulus. Subordinate crayfish can be

identified within thirty minutes of pairing, but the reduced excitability of the lateral giant

intemeuron input produced by serotonin takes two weeks to develop (Edwards and

Kravitz, 1997). In view of such observations, it was important to determine how

responses to reflective surfaces develop over time. I hypothesized that the different

responses to reflection observed in crayfish socialized for 14 days would develop

gradually over time of socialization. Specifically, it was predicted that dominant crayfish

would behave more aggressively over time while subordinate crayfish would behave

more submissively over time.

To investigate the development of responses to a reflection over time, crayfish in

one group were paired for 30 minutes, which is sufficient to determine dominance status

in lobsters (Karavanich and Atema, 1998) and crayfish (Lowe, 1956; Herberholz et al.,

2(X)1). Each crayfish was then videotaped for 20 minutes independently in the mirror test

tank, which contains mirrors lining one half of the aquarium and a non-reflective plastic

lining the other side. Another group of crayfish was housed in pairs for 3 days and then

videotaped in the test aquarium. A comparison group, consisting of crayfish housed in a

large community tank prior to the experiment, was also tested. Responses of dominant

crayfish paired for 30 minutes were similar to those of dominant crayfish paired for two

weeks. In contrast, subordinate crayfish required 3 days of socialization for behaviour to

resemble the behaviour exhibited by subordinate crayfish paired for two weeks. These
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results indicate that the responses of dominant and subordinate crayfish diverge with

time.

18



^f-5f>-'^!

•JT-ti'



The following two chapters consist of the following manuscripts:

May, H.Y. and Mercier, AJ. (2006) Responses of crayfish to a reflective environment

depend on dominance status. Can. J. Zool. 84:1 104-1 1 1 1.

May, H.Y. and Mercier, A.J. (2007) Duration of socialization influences responses to a

mirror: Responses of dominant and subordinate crayfish diverge with time of

pairing, (submitting J. Exp. Biol.).
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CHAPTER 2:

RESPONSES OF CRAYRSH TO A REFLECTIVE ENVIRONMENT

DEPEND ON DOMINANCE STATUS

20
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ABSTRACT

Previous work has shown that the reflection from aquarium walls can modify several

aspects of crayfish behaviour, but only if the crayfish are socialized. Such socialization is

known to generate a dominance hierarchy composed of dominant and subordinate

animals. The present study was conducted to determine whether or not behavioural

responses to reflection depend on dominance status. Crayfish were maintained in pairs

for two weeks to establish dominance ranks and were subsequently observed in an

aquarium in which half of the walls were lined with mirrors and the other half were lined

with non-reflective plastic. Dominant crayfish spent more time on the reflective side of

the aquarium than on the non-reflective side, and they spent more time in reflective

corners than in non-reflective comers. Dominant crayfish also turned more frequently on

the reflective side and crossed the tank more frequently toward reflective walls. Such

differences in behaviour were not observed for subordinate crayfish or for crayfish that

had been isolated for two weeks. Subordinate crayfish exhibited more reverse walking on

the reflective side of the aquarium than on the non-reflective side, but crayfish in the

other groups did not. Thus, responses of crayfish to reflection depend on dominance

status.
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INTRODUCTION

Many crustaceans exhibit agonistic interactions with conspecifics and form

dominance hierarchies (Bovbjerg 1953, 1956; Lowe 1956). When two crayfish or two

lobsters encounter each other for the first time, they readily exhibit agonistic behaviour

that typically escalates into fighting. The winner of such encounters becomes the

dominant member of the pair and is more likely to win future encounters; the loser

assumes a subordinate role and avoids further contact with the dominant animal (Bruski

and Dunham 1987; Copp 1986; Guiasu and Dunham 1997; Huber and Kravitz 1995;

Karavanich and Atema 1998; Scrivener 1971; Tiemey et al. 2000). In addition to these

behavioural changes, dominant and subordinate crayfish exhibit physiological

differences. Subordinate crayfish show a more pronounced elevation in the threshold for

the lateral giant intemeurons to mediate escape responses to stimuli from the rear (Krasne

et al. 1997). In addition, responses of the lateral giant intemeurons to sensory inputs are

enhanced by serotonin in dominant crayfish but inhibited by serotonin in submissive

crayfish (Yeh et al. 1 996, 1 997).

Agonistic episodes depend on three sensory modalities: vision, chemoreception and

taction (Bruski and Dunham 1987; Delgado-Morales et al. 2004; Rubenstein and Hazlett

1974; Scrivener 1971). Tactile cues appear to be important for specific components of a

fight, such as antenna tapping, chelae striking and pushing, and visual cues appear to be

important for other components, such as lunging and following (Bruski and Dunham

1987). Chemical cues influence the probability and intensity of fights and the probability
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of winning (Bergman et al. 2003; Delgado-Morales et al. 2004) and are important in

identifying members of the pair as winners or losers (Breithaupt and Eger 2002; Zulandt

Schneider and Moore 2000; Zulandt Schneider et al. 1999).

Recent experiments have demonstrated that crayfish behaviour is influenced by

mirrors inserted into an aquarium and even by mirror-images that occur in the clear-glass

aquarium walls (Drozdz et al. 2006). Such reflected images increased the frequency of

specific behaviours, including turning and remaining in a comer. Many animal species,

such as fighting fish (Craft et al. 2003; Thompson and Sturm 1965), parrots (Pepperberg

et al. 1995), sea lions (Schuster et al. 1967) and non-human primates (Gallup 1968),

respond to mirror images as they would to a conspecific. Thus, the responses of crayfish

to a reflective environment might represent social interactions. Moreover, the responses

to reflection occurred in socialized crayfish that were maintained as same-sex pairs for

two weeks but not in crayfish that were isolated for two weeks (Drozdz et al. 2006).

Housing crayfish in pairs invariably leads to fighting and establishment of dominance

status. However, dominance status was not examined in previous experiments with

mirrors, and the question remains whether dominant and subordinate crayfish might

respond differently to mirror-images.

Since dominant and subordinate crayfish exhibit marked behavioural and

physiological differences, we hypothesized that crayfish also differ with respect to their

responses to a reflective environment. The present study compared behaviours of

dominant, subordinate and isolated crayfish in a test tank, half of which contained

reflective walls and half of which contained non-reflective walls, as in previous
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experiments (Drozdz et al. 2006). We were particularly interested in determining whether

or not dominance status affects the extent to which crayfish are attracted to the reflection.

We analysed several aspects of motor behaviour, including the number of times crayfish

turned toward reflective sides and the total time spent on the reflective side of the

aquarium. The results demonstrate that dominant and subordinate crayfish respond

differently to visual cues provided by their own mirror image.
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MATERIALS AND METHODS

Adult male crayfish (Procambarus clarkii) were obtained from Atchafalaya

Biological Supplies Co. (Raceland, LA). They weighed 15-40 g (Mean = 21.7 ± 5.3 g,

SD) and had chelae lengths of 22-50 mm (Mean = 33.0 ± 4.9 mm, SD). No crayfish

molted during the investigation.

All crayfish were isolated for 14-15 days in plastic containers measuring 30 cm

long X 17.5 cm wide x 13 cm high. The containers were made of black plastic, so that the

crayfish could not see each other when housed side by side. The containers were covered

with plastic mesh, which allowed room light to enter. They were maintained in a

controlled environment under a 12:12 hour lightidark cycle with room temperature

ranging from 1 8 to 2rC. Inside each container was one green plastic flowerpot, which

served as a shelter. Animals were fed ad libitum with sinking shrimp pellets (Hartz

Mountain Corp., St. Thomas, ON, Canada) twice weekly, and water was replaced with

oxygenated filtered water at room temperature three times weekly.

Following isolation, 50 crayfish were paired for an additional two weeks to

establish dominance ranks. These crayfish were housed in transparent containers

measuring 58 cm long x 30 cm wide x 35 cm high, which were large enough to minimize

damage caused by agonistic encounters. An additional 25 crayfish were maintained for

two weeks longer in the original isolation tanks. This group served as a control to assess

whether any behaviours observed in the other groups were associated with socialization.

Paper towels were placed between containers to ensure visual isolation. Each tank
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respectively). Crayfish with damage to two or more walking legs were omitted from the

study.

Dominance Testing

Dominance testing occurred on the first day of socialization, at the time when

paired crayfish encountered each other for the first time. Animals that were to be paired

were transported to a testing room and were left undisturbed for 30 minutes before testing

began. Pairs were tested for dominance in a white plastic container measuring 48 cm long

X 25 cm wide x 13 cm high filled halfway with oxygenated filtered water. Each pair was

carefully placed into the container, and testing began immediately. The crayfish were

filmed for 30 minutes using a Nikon Coolpix 450 digital camera, and sessions were

recorded using a RCA Accusearch VCR on a RCA T120 videocassette. A 100W

incandescent light was placed approximately 80 cm above the tank. Water temperature in

the tank did not vary by more than 0.2°C. Crayfish were left unattended during testing so

that the experimenter did not influence the behaviour. Once filming was completed,

crayfish were housed in the larger containers and remained paired for a further 14 days, a

sufficient time period to alter responsiveness to reflective surfaces (Drozdz et al. 2006).

They were observed at two-day intervals throughout this period. In one case, dominance

rank reversed during the 14-day period; data from these animals was omitted. There were

no other cases of rank reversal.
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Table 2.1. Dominance index values for each socialized Procambarus clarkii pair.

Pairs Dominant Subordinate

0.142857

0.5

0.2

0.181818

0.625

0.166667

0.125

0.125

1
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Videotapes of dominance testing were viewed after all testing was complete.

Crayfish pairs demonstrated agonistic behaviours, such as antennal tapping, pushing

striking, grasping and lunging. Each of these behaviours has been thoroughly described

by others (e.g. Bruski and Dunham 1987; Copp 1986; Lundberg 2004). There were

typically several such encounters within the 30 minute observation period. In all cases,

the agonistic encounters eventually resulted in one crayfish consistently retreating and

ultimately avoiding the other. The retreating crayfish was designated subordinate, and the

other was designated dominant. This method for assigning dominance rank has been used

by others (Bergman et al. 2003; Goessmann et al. 2(XX); Guiasu and Dunham 1997). A

dominance index was calculated for each paired crayfish (Table 2. 1 ) as the proportion of

all agonistic encounters won (DI = number of wins / (number of wins + number of

losses)) as described by others (Goessmann et al. 2000; Theraulaz et al. 1992). The vast

majority of dominant crayfish (23/25) won most or all of the agonistic encounters. Mean

dominance indices (± standard deviation) were 0.92 ±0.16 for dominant crayfish and

0.08 ±0.16 for subordinate crayfish and were significantly different (p<0.000\, paired t

test).

Testingfor Effects ofReflection

Paired and isolated crayfish were tested for their responses to reflection on day 14

of pairing or second isolation. The crayfish were tested in a glass tank (52 cm long x 25

cm wide x 30 cm high) in which half of the perimeter was lined with mirrors and the

other half was lined with non-reflective plastic. White paper was placed underneath the
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tank to provide better contrast for filming. The tank contained oxygenated, filtered water

at a depth of 7.5-10 cm and was illuminated by a 100W incandescent light placed 80 cm

above. Each crayfish was placed gently into the center of the tank facing the midline

between mirrored and non-reflective halves, and filming began immediately. Activity

was videotaped for 20 minutes. The tank was rotated between trials so that half of the

crayfish in each group encountered the mirrors on the right side of the tank, and the other

half encountered the mirrors on the left side. This counterbalanced for any possible .

preference crayfish might have for the side of the tank or for the side of the room.

Several behaviours in the test tank were identified as described previously

(Drozdz et al. 2006). From such behaviours, the following variables were measured:

1

)

total time spent (in s) on each side of the tank (determined when the base of the

chela passed the center dividing line),

2) number of cornering events (when the crayfish faced the comer of the tank and

remained there for at least 3 s),

3) total time spent cornering (in s),

4) number of turning events (Fig. 2.2A,C-E),

5) number of crossing events (Fig. 2.2B)

6) number of reverse walking events (walking backward for at least one crayfish

length).

Drozdz et al. (2006) defined turning as a change in direction from a continuous

path around the tank in either clockwise or counter-clockwise motion. Changing from

clockwise to counter-clockwise motion or vice-versa constitutes one type of turn. Such
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Figure 2.1. Schematic representation of turning behaviour exhibited by crayfish in an

aquarium (top view). Turning is defined as a change of direction by more than 90° that

changes the direction of movement from clockwise to counter-clockwise, or vice versa.

Arrows indicate the direction of travel, and numbers represent the order in which the

behaviour occurs. A) The crayfish begins walking counter-clockwise. 1 and 2 are not

turns because the crayfish continues walking counter-clockwise. 3 is a turn because the

crayfish turns and begins walking clockwise. B) The crayfish begins walking counter-

clockwise at 1 and crosses the tank at 2. 3 and 4 are not considered turns because the

crayfish has just crossed the tank and must initiate a new path and choose a direction

when it encounters a wall. C) The crayfish begins walking clockwise at 1 and comers

(dot). After cornering, following path 2 would constitute a turn because the path direction

changes from clockwise to counter-clockwise. Selecting path 3 instead of path 2 would

not constitute a turn because the crayfish would be continuing in the same direction as

before it cornered. Turning also occurs along the walls rather than at the comers (D and

E). In D, the crayfish turns (2) immediately after leaving a comer and returns to the

corner. In E, the crayfish tums further along the wall.
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turns can occur in comers (Figs. 2.1 A,C,D) or along any side of the tank (Fig. 2. IE).

Sometimes crayfish initiated a new path by moving away from the walls (Fig. 2. IB).

On such occasions, they invariably cross from one side of the tank to another. When they

reach the wall, they must select one direction or the other, and the path they choose was

considered a new path rather than a turn (Fig. 2. IB). In addition to these aspects of

turning, defined by Drozdz et al. (2(X)6), our analysis was refined further to consider turns

toward or away from corners, since analysis of the videotapes indicated that some

crayfish turned towards a mirrored comer frequendy, and others tumed away more often.

Tums away from a comer occurred when crayfish entered a comer and subsequently left

it in the opposite direction, either with (Fig. 2.1C, path #2) or without (Fig. 2.1 A, path #3)

pausing in the comer. Tums toward the comer occurred when crayfish entered a comer,

left it, and subsequently returned to the same comer (Fig. 2. ID), provided that the tum

took place within one body length of the comer. Tums that took place more than one

body length from a comer were considered to be tums along a side wall (Fig. 2. IE).

Body length was measured ft"om video tapes using a mler.

32



1. r, ^ z-^-
'

";,/.(*• v;- • ' •. .. JIM--/ i^ir-'^r' ^rnuT"

'i- .• ;

' '' Svt-::"» v?Tj .'(,. ,firi;r



RESULTS

Preferencefor Sides .\

Each crayfish was filmed for 20 minutes while it explored the aquarium used for

testing responses to reflection. Dominant crayfish spent more time on the reflective side

of the aquarium than on the non-reflective side (Fig. 2.2; /7<0.0(X)1). In contrast, neither

subordinate nor isolated crayfish showed a preference for either side.

Cornering

All crayfish performed more cornering than any other behaviour while exploring

the aquarium. Dominant crayfish performed significantly more cornering on the

reflective side of the aquarium than on the non-reflective side (Fig. 2.3A; /7<0.(XX)1,

paired t test). There were no significant differences in cornering frequency between

reflective and non-reflective sides for either subordinate (;7=0.09, paired t test) or isolated

crayfish (p=0.24, paired t test). Comparisons between groups, using ANOVA with a

Tukey post-hoc analysis, indicated that dominant crayfish performed significantly more

cornering on the reflective side than did subordinate (p<0.01) or isolated crayfish

(^<0.01). There were no differences in cornering frequency on the non-reflective side

when dominant crayfish were compared with subordinates or isolates (p=0.14, ANOVA).

In addition to cornering frequency, the time spent cornering differed between

groups. Dominant crayfish spent significantly more time cornering on the reflective side

than the non-reflective side (Fig. 2.3B, ;7<0.(XX)1, paired t test). Subordinate crayfish also
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Figure 2.2. Amount of time each group of crayfish spent on reflective (mirror) and non-

reflective (matte) sides of the aquarium during 20 minutes of recording. Dominant

crayfish spent significandy more time on the reflective side (N = 25 for each group; *

/7<0.0001 ;
paired t test). Mean values are plotted; error bars represent standard deviations.
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Figure 2.3. Cornering behaviour during 20 niinutes of observation. A) Mean frequency

of cornering performed by dominant, subordinate and isolated crayfish. Dominant

crayfish performed more cornering on the reflective side (mirror) of the tank than on the

non-reflective side (matte). B) Mean time each crayfish performed cornering on each side

of the tank. Dominant and subordinate crayfish spent significantly more time cornering

on the reflective side. (N = 25; ** /7<0.0001, * p<0.(X)3; paired t test). Error bars depict

standard deviations.
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cornered longer on the reflective side (p<0.003, paired t test), but isolated crayfish did not

(/7=0.23, paired / test). In addition, dominant crayfish spent more time in the comers on

the mirrored side than did subordinate or isolated crayfish (ANOVA with Tukey post-hoc

analysis, p<0.01 in each case). There were no significant differences between cornering

times on the non-reflective side when all three groups were compared (ANOVA, p=0.96).

Turning

The frequency of turning events was calculated for each group of crayfish. There

were significantly more turns on the reflective side of the tank than on the non-reflective

side for each group (paired t test: dominant, /7<0.005; subordinate, p<0.05; isolated,

p<0.05; Fig. 2.4A). While observing the crayfish on the mirrored side of the aquarium, it

was noted that some crayfish turned away from their reflection, and others turned toward

the reflection. Therefore, we re-analyzed the recordings to determine whether or not the

tendency to turn toward or away from the reflection differed between groups. For this

analysis, turning toward or away from the comers (Fig. 2.1C, D) was considered

separately from tuming at the side of the tank (Fig. 2. IE). Dominant crayfish tumed

toward the corner more frequently on the reflective side than on the non-reflective side

(paired / test: p<0.0001), but subordinates (/7=0.547) and isolated crayfish (p=0321)

showed no significant differences (Fig. 2.4B). Each group, however, tumed away from a

corner significantly more on the reflective side than on the non-reflective side (paired t

test: dominant, p<0.05; subordinate, /7<0.(X)5; isolated, /7<0.(X)5; Fig. 2.4C). Dominant

crayfish tumed at the side of the tank more frequently on the reflective side than on the
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Figure 2.4. Turning behaviour during 20 minutes of observation. A) Mean frequency of

all turns on the reflective (mirror) and non-reflective (matte) sides of the aquarium.

Dominant, subordinate and isolated crayfish turned significantly more on the reflective

side of the aquarium. B) Mean frequency of turns toward a comer. Dominant crayfish

turned toward reflective comers significantly more than they tum toward non-reflective

comers. C) Mean frequency of tums away from a comer. Dominant, subordinate and

isolated crayfish tumed away from comers significantly more on the reflective side than

on the non-reflective side of the aquarium. D) Mean frequency of tums at the side of the

aquarium. Dominant crayfish tumed significantly more often at the reflective sides of the

tank than at the non-reflective sides. (N = 25; *** ;7<0.0001, ** p<Q.005, * p<0.05; paired

t test). Error bars depict standard deviations.
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non-reflective side (paired t test, p<0.05), but subordinates (p=0A42) and isolated

crayfish (p=0.234) did not (Fig. 2.4D).

Crossing

In examining crossing behaviour, we wanted to determine whether different

groups were more or less likely to move toward a reflective wall (suggesting approach)

and also whether different groups were more likely to move away from a reflective wall

(suggesting avoidance). Therefore, crossing activities were differentiated into four cases:

crossing toward a reflective wall, crossing toward a non-reflective wall, crossing away

from a reflective wall, and crossing away from a non-reflective wall. Dominant crayfish

crossed significantly more toward reflective walls than toward non-reflective walls

(paired t test, p<0.05), but subordinate (p=0M2) and isolated crayfish (/7=0.578) showed

no significant differences (Fig. 2.5A). Dominant crayfish also crossed away from

reflective walls more frequently than from non-reflective walls (paired t test, p<0.0005),

but subordinate (p=0.433) and isolated crayfish (/7=0.177) did not (Fig. 2.5B).

Reverse Walking

Reverse walking was also recorded but occurred infrequently on either side of the

aquarium. Subordinate crayfish occasionally approached a reflective wall, paused for

several seconds and then walked in reverse to the non-reflective side. Subordinate

crayfish exhibited reverse walking significantly more on the reflective side than the non-
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Figure 2.5. Crossing behaviour in a 20 minute period. A) Mean frequency of crossing

toward reflective (mirror) or non-reflective (matte) walls. Dominant crayfish crossed

significantly more often toward reflective walls than toward non-reflective walls. B)

Mean frequency of crossing away from reflective or non-reflective walls. When crossing

the tank, dominant crayfish moved away from reflective walls significantly more often

than from non-reflective walls. (N = 25; * p <0.05, ** p <0.0005; paired / test). Error

bars depict standard deviations. /
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reflective side (paired t test, p<0.0005), but dominant (p=0.253) and isolated crayfish

(p=0.999) showed no significant differences with regard to reverse walking (Fig. 2.6).

Activity differences between groups

The different groups of crayfish were also compared to determine whether there

were differences in overall activity level for the behaviours examined. For this analysis,

the number of occurrences of all four behaviours (cornering, turning, crossing, and

reverse walking) during the 20 min test period was calculated for each crayfish, and the

data for the different groups were compared using ANOVA with a Tukey HSD post hoc

test. When behaviours on both sides of the test tank were considered together, there was

a significant difference (/?< 0.(XX)1), with dominant crayfish showing the highest mean

(43.6 ± 18.5), followed by subordinate (31.4 ± 12.8) and isolated (20.8 ± 1 1.9) crayfish.

The Tukey HSD post hoc test showed significant differences between dominant and

subordinate (p<0.05) crayfish, between dominant and isolated (/7<0.01) crayfish, and

between subordinate and isolated (/7<0.05) crayfish. Further analysis showed that these

differences depended in part on the reflective surfaces. On the reflective side, mean

values were significanUy different between dominant (30.3 ± 17.8) and subordinate (17.9

± 8.0) crayfish (p<!0.0\) and between dominant and isolated (12.0 ± 8.5) crayfish

(p<Q.O\), but there was no significant difference between subordinate and isolated

crayfish. This indicates that the dominant crayfish exhibit these behaviours more

frequentiy on the reflective side than do the other groups. On the non-reflective side.
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mean values were significantly different (p<0.05) between dominant (13.3 ± 4.9) and

isolated (8.8 ± 4.7) crayfish and between subordinate (13.5 ± 6.4) and isolated (p<0.0\)

crayfish, but there were no differences between dominant and subordinate crayfish. This

suggests that socialization enhances these four behaviours or that social isolated reduced

their frequency. ^r-..

:fvi

h '-V.V

:r.

*m'
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DISCUSSION

The present report adds to the list of differences exhibited by dominant and

subordinate crayfish. The results demonstrate that dominant, subordinate and isolated

crayfish respond differendy to reflective vs. non-reflective surfaces. In the mirror/matte

test tank, only the dominant crayfish exhibited the following behaviours:

1) spending more time on the reflective side

2) cornering more frequendy on the reflective side

3) turning more frequently toward comers on the reflective side

4) turning more frequendy at the side of the tank on the reflective side

5) crossing more frequently toward a reflective wall

6) crossing more frequently away from a reflective wall.

Subordinate crayfish were the only group to exhibit more reverse walking on the

reflective side of the test tank. The results above indicate that responses of P. clarkii

males to reflective vs. non-reflective surfaces depend on dominance rank.

Dominant, subordinate and isolated crayfish all exhibited more turning behaviour

overall on the reflective side of the aquarium than on the non-reflective side. This

difference can be attributed at least partially to a higher frequency of turning away from

corners on the reflective side, which was displayed by all three groups. Thus, turning

away from comers depends on the type of surface (reflective vs. non-reflective) but not

on dominance rank. This contrasts with tuming toward corners, which occurred more

frequendy in reflective comers for dominant crayfish only. Dominant and subordinate
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crayfish both spent significantly longer times in reflective corners than in non-reflective

corners, but isolated crayfish did not.

We observed that dominant crayfish often turned into the corner, cornered for

some time, turned away from the corner, and then turned back toward the comer. This

sequence of behaviours was repeated often, which would explain why dominant crayfish

turn away from comers more on the reflective side of the aquarium. Subordinate and

isolated crayfish rarely re-entered a comer after having left it. Neither subordinate nor

isolated crayfish comered more frequently or turned toward the comer more on the

reflective side, while both groups turned away from reflective corners more. These

observations suggest that subordinate and isolated crayfish were retreating from the

reflective comers, and that dominant crayfish were approaching the reflective comers.

Only two previous studies have examined responses of cmstaceans to mirror

images. Dunham et al. (1986) found that hermit crabs respond to a mirror by exhibiting

social behaviours such as chela extension, mnning toward or away from the mirror and

touching the mirror. The speed of these responses was inversely related to the amount of

camouflage on the shell. The occurrence of social displays and the fact that camouflage

impedes their display suggest that hermit crabs interpret visual cues associated with their

own miiTor image as a conspecific. The dominance status of these animals, however, was

not reported.

Although dominance rank correlates with many physiological differences (e.g.,

Edwards et al. 2(X)3; Krasne et al. 1997; Yeh et al. 1996, 1997), the physiological basis

for the behavioural differences reported in the present study is not known. The present
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data are consistent with behavioural differences reported by others. Although subordinate

crayfish initiate contact with conspecifics, in many cases they do so less frequently than

dominant crayfish (Copp 1986; Rubenstein and Hazlett 1974). If crayfish perceive the

mirror image as a conspecific, several observations in the present work would be

consistent with these earlier findings. Namely, subordinate crayfish were less likely to

comer, spent less time in comers and crossed less frequently toward a reflective wall than

did dominant crayfish. In addition, subordinate crayfish exhibited more reverse walking

on the reflective side of the tank than on the non-reflective side, while dominant crayfish

showed no such tendencies. These observations are all consistent with the notion that

crayfish perceive their own mirror image as a conspecific. Although such a notion is

widely accepted for many animals (Craft et al. 2003; Gallup 1968; Montevecchi and

Noel, 1978; Pepperberg et al. 1995; Siwak et al. 2001; Thompson and Sturm 1965), there

is no conclusive evidence yet that it applies to crayfish.

The present observations might simply reflect differences in excitation levels

between crayfish of different dominance rank, making subordinate crayfish less likely to

explore any novel visual cues. Although there were differences in the total number of

occurrences of all behaviours, dominant and subordinate crayfish showed no such

differences on the reflective side of the text tank, suggesting similar levels of excitation.

It is possible that the mirror image lacks appropriate cues to elicit approach by

subordinate or isolated crayfish. These animals may require tactile and (or) pheromonal

input, which also play important roles in conspecific interactions among crayfish

(Breithaupt and Eger 2002; Bmski and Dunham 1987; Cooper et al. 2001; Zulandt

48



•/nfiii

• li

>h bit

. .
.- :5Vff-rj

^ > V
;• M'5n>

;ina)



Schneider and Moore 2000; Zulandt Schneider et al. 1999). The roles of visual cues have

not been studied as rigorously. Further work is needed to resolve the issue of whether

visual cues are sufficient for conspecific recognition and to elucidate the specific roles of

visual cues during conspecific interactions.
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CHAPTER 3:

DURATION OF SOCIALIZATION INFLUENCES RESPONSES TO A MIRROR:

RESPONSES OF DOMINANT AND SUBORDINATE CRAYHSH DIVERGE WITH

TIME OF PAIRING

» ;
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ABSTRACT

Reflective surfaces have been shown previously to modify behaviour in socialized

crayfish. Socializing crayfish by pairing them for two weeks established a hierarchy with

one dominant and one subordinate crayfish per pair. Dominant crayfish exhibited

specific behaviours, such as cornering, turning and crossing, more frequently in a

reflective environment than in a non-reflective environment. After 2 weeks of pairing,

subordinate crayfish did not respond in this manner but, instead, performed more reverse

walking in a reflective environment. The present study investigated how the length of

social pairing affects the response to mirrors. Crayfish from a communal tank were

paired for 30 min or for 3 days, and their activity was videotaped for 20 min in a test

aquarium lined with mirrors on one half and a non-reflective matte lining on the other

half. Crayfish housed in the communal tank were used as a comparison group. After 30

min of pairing, dominant and subordinate crayfish responded similarly to the reflection,

showing essentially the same pattern for 7 of 9 behaviours examined. After 3 days of

pairing, dominant crayfish continued to respond to the reflection in essentially the same

way, but subordinate crayfish behaved differently. They showed differences in 7 out of 9

behaviours. Thus, the distribution of responses of dominant and subordinate crayfish to

reflection diverged with time of pairing.
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INTRODUCTION

'\» .' '
. .

Aggression exhibited by crayfish as well as other crustacean species has been well

documented (Heckenlively, 1970; Edwards and Kravitz, 1997; Kravitz and Huber, 2003).

When two crayfish are housed together, fighting between them begins almost

immediately. Fights are comprised of pushing, lunging, grasping and striking (Bovbjerg,

1953; 1956; Hayes, 1975; Tiemey et al., 2000). A fight will escalate until one member of

the pair retreats and is deemed the loser of the encounter. After a crayfish wins the first

fight, it is more likely to win successive fights, and the losing crayfish is less likely to win

successive fights. After a number of losses, the retreating crayfish will alter its behaviour

and begin to avoid the winning crayfish (Issa et al., 1999; Herberholz et al., 2001). It is

often at this point that an observer deems the winning crayfish as dominant and the losing

crayfish as subordinate. If more than two crayfish are housed together, a linear

dominance hierarchy is established which is stable over time (Lowe, 1956; Issa et al.,

1999; Gherardi and Daniels, 2003). • -

Dominant and subordinate crayfish behave differently and have different

physiological characteristics as a result of rank (Yeh et al., 1996, 1997; Krasne et al.,

1997; Edwards et al., 2003). Dominant crayfish gain first access to shelter, food and

mates (Zulandt Schneider et al., 2001 ; Herberholz et al., 2003). Dominant crayfish

frequently exhibit a threat display, raising the body, curling the tail under the abdomen

and performing a meral spread, in response to a conspecific (Krasne et al., 1997;

Listerman et al., 2(X)0). In contrast, subordinate crayfish retreat, often via an escape tail
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flip, in response to certain stimuli such as the presence of an opponent (Huber et al.,

1997; Krasne et al., 1997; Edwards et al., 2003). Dominant crayfish also approach a

conspecific more frequently than do subordinate crayfish (Copp, 1986; Blank and Figler,

1996). When space is limited burrowing, which creates a shelter, is important and

dominant crayfish burrow significantly more than do subordinate crayfish (Herberholz et

al., 2003). Subordinate crayfish exhibit reduced excitability in the lateral giant escape

mechanism than do dominant crayfish (Krasne et al., 1997). The lateral giant tail flip

escape is likely inhibited as a result of numerous escapes performed during socialization.

Agonistic encounters between crayfish depend on visual, tactile and

chemoreceptive input (Rubenstein and Hazlett, 1974; Bruski and Dunham, 1987;

Delgado-Morales et al., 2004). Vision appears to play an important role in fighting

behaviours such as following and lunging (Bruski and Dunham, 1987); however, fighting

occurs in the absence of vision (Kellie et al., 2001 ; Li and Cooper, 2002). Taction

appears to be important for striking, pushing and antennae tapping (Bruski and Dunham,

1987). Agonistic encounters also involve chemical cues (Tiemey and Dunham, 1982;

Hazlett, 1999; Zulandt Schneider et al., 1999, 2000, 2001; Breithaupt and Eger, 2002),

which play a very important role in the intensity and outcome of fights (Bergman et al.,

2003; Delgado-Morales et al., 2004).

Responses to a reflective environment have been studied in many vertebrate

species (Shusterman et al., 1967; Gallup, 1970; Pepperberg et al., 1995; Craft et al.,

2003), but few studies have investigated reactions of invertebrates to mirrors. The only

crustaceans that have been reported to respond to mirrors are hermit crabs (Dunham et al..
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1986), fiddler crabs (McLean and Pratt, 2007), and crayfish (Drozdz et al., 2006; May

and Mercier, 2006). Specific behaviours such as turning and remaining in a comer are

enhanced in crayfish by mirrors placed in an aquarium and even by the reflection

provided by the aquarium glass, but only in socialized crayfish (Drozdz et al. 2006).

Further work revealed that responses of crayfish to a reflection depend on dominance

rank (May and Mercier, 2006). In the latter study, crayfish were either paired or isolated

for two weeks and were subsequently observed in a test tank with mirrors lining one half

of the aquarium and a matte plastic on the other half. Dominant crayfish performed more

cornering, turning and crossing on the reflective side than on the non-reflective side.

Subordinate crayfish did not show differences with respect to these behaviours but

performed more reverse walking on the reflective side. Isolated crayfish exhibited no

behavioural differences between the two environments. In that investigation, crayfish

were paired for two weeks. It is possible, however, that the responses to the reflective

environment might develop sooner and that they might change over time. Others have

demonstrated that certain behaviours change with the length of time during which

crayfish are socialized (Issa et al., 1999; Kellie et al., 2001; Gherardi and Daniels, 2(X)4).

The present experiments test the hypothesis that responses of dominant and

subordinate crayfish to reflection develop at different rates. Crayfish were paired for 30

min, which is sufficient to produce dominance ranks (Lowe, 1956; Herberholz et al.,

2001). Dominant and subordinate crayfish were observed for 30 min independently in a

test tank which consisted of an aquarium with one half lined with mirrors and the other

half lined with a non-reflective plastic. A separate group of crayfish was housed in pairs
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for 3 days and a comparison group consisting of crayfish housed in a large community

tank were also observed in the test tank. The frequency and duration of behaviours

already identified as responses to reflection were calculated for each crayfish group.

Results indicated that responses of dominant crayfish paired for 30 min were similar to

those of dominant crayfish paired for two weeks. In contrast, subordinate crayfish

required 3 days of socialization for behaviour to resemble that of subordinate crayfish

paired for two weeks.
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METHODS

Adult male crayfish (Procambarus clarkii), obtained from Atchafalaya Biological

Supply, Co., Raceland, Louisiana, were used for this investigation. All crayfish were

intact, and none molted during the experiment. Crayfish weights ranged from 18.4 g to

50.3 g (34.4 ± 9.7; Mean ± SD) and the body length, measured from rostrum to telson,

ranged from 8. 1 cm to 1 1 .0 cm (9.4 ± 0.6; Mean ± SD). ^
•_

All crayfish were initially housed for at least one week in a large round

community tank with a depth of 70 cm and a diameter of 120 cm. This tank typically

housed 30 crayfish at one time and contained ample rocks and PVC tubing for shelter.

Three groups were used in this study. One group consisted of 40 crayfish that were

paired for only 30 minutes. The second group consisted of 40 crayfish that were paired

for 3 days. The third group included 20 crayfish that came directly from the community

tank but were not paired. -

All crayfish were fed ad libitum three times weekly with artificial crab meat

obtained from local grocers. All containers were maintained in a controlled environment

with a 12 h light: 12 h dark photoperiod with both water and room temperature from 18 to

irc.^- •
-
-.,•,-
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Dominance Testing

For the 30 min group, 40 crayfish were taken randomly from the large community

tank, placed one each into a plastic container (30 cm x 17.5 cm x 13 cm) and transported

from the housing facility to a testing room. The crayfish were then left isolated in

containers for 30 min prior to testing. Two crayfish of approximately the same size were

moved, using a plastic flower pot to reduce handling, into a new plastic container of the

same size, containing filtered, aerated water. The pair remained together for 30 min and

were observed by the researcher during this period to determine the dominance rank. The

small size of the container encouraged contact between the crayfish, and fighting began

almost immediately. Typically, the encounters were initiated by one crayfish

approaching with raised chelae. The encounters escalated to include pushing, lunging and

striking. This behaviour led to retreat of the losing crayfish by means of walking

backwards and tail flip escape behaviour, and eventually the loser avoided the winning

crayfish. These behaviours have previously been described in detail (Bovbjerg, 1953;

Copp, 1986; Bruski and Dunham, 1987; Huber and Delago, 1998; Lundberg, 2004). A

crayfish that retreated from the first fight often retreated from subsequent fights. After

retreating from a number of fights, the losing crayfish always changed its behaviour by no

longer engaging in contact and by avoiding the other crayfish. Such avoidance behaviour

by the losing crayfish always appeared within 30 min, and this crayfish was deemed

subordinate; the winning crayfish was deemed dominant. This method of determining

dominance rank has been used reliably and repeatedly (Guiasu and Dunham, 1997;
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Goessmann et al., 2000; Bergman et al., 2003) and resulted in 20 dominant and 20

subordinate crayfish.

For the 3 day group, 40 crayfish were taken from the community tank, arranged in

pairs according to size, and maintained in pairs for 3 days. Each pair was housed in a

plastic container measuring 58 cm long x30 cm wide x 35 cm high. Each container was

filled with filtered, aerated water and contained one PVC pipe measuring 10-15 cm long

to serve as a shelter. Paper towels were placed between tanks to prevent visualization of

other crayfish pairs. Each pair was observed for the first 30 min of socialization. Fights

followed the same pattern, and dominance rank was determined as described above. Each

pair was subsequently observed for the following two days to ensure that the rank

remained stable. Dominant crayfish always occupied the shelter and gained first access to

food. No rank reversals were observed during the course of this experiment.

Reflection Testing

Each crayfish was tested for responses to reflective surfaces in a specially

constructed glass aquarium measuring 52 cm long x 25 cm wide x 30 cm deep. Half of

the tank's perimeter was lined with mirrors to provide a reflective environment on one

side of the aquarium. A non-reflective environment was created by lining the other half

of the aquarium with a semi-transparent matte plastic. White paper was placed underneath

the tank to provide stronger contrast for videotaping. The aquarium was filled

approximately 15 cm deep with filtered, aerated water that was replaced between trials.

S8



•-! •!»{<'>:>

tarfl

U :-. J>'-
•• I t»bi>;



Animals paired for 30 min were tested for responses to reflection immediately

following the socialization period. Animals paired for three days were placed in a plastic

container (30 cm x 17.5 cm x 13 cm) together and were transported from the housing

facility to the testing room. They remained paired for 30 min to reduce the effects of any

stress creating during transportation and were tested immediately thereafter. Animals

housed in the community tank were transported in the same manner and were given the

same 30 min acclimation period before being tested.

Each crayfish was placed gently, using a flower pot to minimize contact, into the

center of the test aquarium, facing one of the midlines separating the two environments.

The dominant or subordinate member of each pair was alternatively chosen to be tested

first; thus, 50% of each group were tested first, and 50% were tested 30 min later. The

experiment was also counterbalanced to remove the effects of any preference for one side

of the room. The aquarium was turned between trials so that half of all crayfish tested

experienced the mirrored environment on the left, and the others experienced it on the

right.

Crayfish activity was videotaped for 20 min using a Logitech webcam mounted 30

cm above the aquarium. Video files were acquired using Windows Movie Maker and

burned to CD for later analysis. Table 3.1 provides a full description of all behaviours

analyzed in the present report. Cornering, turning, crossing and reverse walking have

been described in earlier reports on responses of P. clarkii to reflective environments

(Drozdz, et al., 2006; May and Mercier, 2006). Freezing, defined as ceasing all visible

movement (including all appendages) for a minimum of 5 s, was not examined in earlier
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studies of reflective environments but has been described in other reports (Gherardi and

Peraccini, 2004; Lundberg, 2004).
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Table 3.1: Description ofbehaviours analyzed.

Behaviour Description

Cornering The crayfish faces the comer and remains there for a

minimum of 5 s.

Turning

;sd

Crossing

Freezing

The crayfish turns more than 90°, changing the

direction of its walking path from clockwise to counter-

clockwise or vise versa. Turns toward or away from

the comer take place within one body length of the

corner, whereas tums at the side take place outside of

one crayfish length from the comer.

The crayfish leaves the perimeter of the tank, enters the

centre and crosses from one wall to another. The

crayfish must be at least one body length from the

corner to be considered crossing the tank.

The crayfish abmpdy ceases all visible movement,

including appendage and antennae movements, for at

least 5 s.

Reverse Walking The crayfish walks backwards or backs up for a

minimum of one crayfish body length.

Crossing at the

Midline

The crayfish crosses the vertical midline of the

aquarium dividing the two environments. The crayfish

were determined to have crossed the line when the base

of the first walking legs crossed the line.
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^ RESULTS

«' : i Cornering

Cornering occurred when the crayfish faced a comer and remained there for a

minimum of 5 s. Socialized crayfish performed cornering more frequently than any other

identified behaviour while exploring the test aquarium. After 30 min of pairing, both

dominant (Fig. 3.1 A; paired t test, /7<0.0001) and subordinate (p<0.005) crayfish cornered

significantly more on the mirrored side of the tank compared to the matte side. After 3

days of socialization, only the dominant crayfish cornered more frequently on the

mirrored side of the aquarium {p<0.000\). Group socialized crayfish also cornered more

frequently on the reflective side of the aquarium than on the non-reflective side {p<0.05).

Because crayfish remained in comers for many seconds at a time, the total time

each crayfish spent cornering was measured. Figure 3. IB depicts the time each crayfish

group spent in reflective comers versus non-reflective comers. Both dominant and

subordinate crayfish paired for 30 min spent more time comering in the reflective

environment compared to the non-reflective environment (Fig. 3. IB; paired t test,

/7<0.(XX)1 and/7<0.05 respectively). After 3 days of pairing, only dominant crayfish

cornered longer on the reflective side of the aquarium (p<0.005). Subordinate crayfish

paired for 3 days (p = 0.35) and group socialized crayfish {p = 0.06) did not comer for a

longer period of time on either side of the aquarium.
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Figure 3.1. Cornering observed during 20 min of observation. (A) Mean frequency of

cornering events in the reflective and non-reflective (matte) environments. Dominant

(Dom) and subordinate (Sub) crayfish paired for 30 min cornered more frequently on the

mirrored side of the tank. After 3 days of pairing, dominant crayfish cornered more

frequently on the reflective side. Group socialized crayfish also cornered more on the

reflective side of the tank compared to the non-reflective side. (B) Mean time each

crayfish group spent cornering on the reflective and non-reflective (matte) sides of the

test aquarium. After 30 min of pairing, both dominant and subordinate crayfish cornered

for a longer time on the mirrored side of the tank, but after 3 days of pairing only

dominant crayfish did. (paired t test; *** p <0.0001, ** p <0.005, * p <0.05; N = 20).

Error bars denote standard deviation.
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Turning

When moving in the test tank, each crayfish spent most time near the perimeter,

traveling in either a clockwise or counter-clockwise direction. In such conditions, turning

is defined as a movement of more than 90° that changes the direction of movement from a

clockwise to counter-clockwise direction or vise versa (Drozdz et al., 2006; May and

Mercier, 2006). Turns can occur at a number of locations in the aquarium but commonly

occur at or near the comers. To obtain more detailed information about such behaviour,

three different aspects of turning were measured: a) turns toward the comer, b) tums

away from the comer, and c) tums at the side of the tank. Tums toward the comer

occurred when the crayfish was within one body length of the comer and changed its

direction to turn toward a comer. Crayfish that were paired for 30 min tumed more

frequently toward reflective comers than non-reflective comers (Fig 3.2A; paired t test -

dominant, /7<0.005; subordinate, p<0.005). After 3 days of pairing, only dominant

crayfish tumed toward comers more on the reflective side of the tank than on the non-

reflective side ip<0.05). Subordinate crayfish paired for 3 days (p = 0.17) and group

socialized crayfish (p = 0.6) showed no in tuming toward corners.
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Figure 3.2. Turning behaviour of crayfish observed for 20 min. (A) Mean frequency of

turns toward reflective and non-reflective (matte) comers. Dominant and subordinate

crayfish that were paired for 30 min both turned more frequently toward reflective

comers. After 3 days of pairing, only dominant crayfish turned more often toward

comers on the reflective side. (B) Mean frequency of turns away from reflective and non-

reflective (matte) comers. Both dominant and subordinate crayfish paired for 30 min

tumed away from reflective corners more frequently than from non-reflective comers.

Dominant crayfish that were paired for 3 days also tumed more often toward reflective

comers. (C) Mean frequency of turns at the side on reflective and non-reflective (matte)

sides of the test tank. Group socialized crayfish turned at reflective walls more than at

non-reflective walls. After 30 min of pairing, only dominant crayfish turned at the side in

the reflective environment more than in the non-reflective environment, but after 3 days,

both dominant and subordinate crayfish did so. (D) Mean frequency of total tums on the

reflective and non-reflective (matte) sides of the aquarium. Dominant and subordinate

crayfish paired for both 30 min and 3 days tumed more frequently in the reflective

environment than in the non-reflective environment, (paired t test; *** p<0.0001, **

/7<0.005, * /7<0.05; N=20). Error bars represent standard deviations
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Turns away from reflective comers compared to non-reflective comers were also

quantified. After 30 min of pairing, both dominant and subordinate crayfish tumed away

fi-om mirrored comers more than they tumed away from matte comers (Fig 3.2B; paired t

test - dominant, p<0.000\, subordinate, p<0.05). After 3 days of pairing, the dominant

crayfish tumed away from reflective comers more frequendy (p<0.05), but neither

subordinate crayfish (p = 0.14) nor group socialized crayfish showed a preference for

turning away from reflective vs. non-reflective comers (p = 0.2). Besides tuming at or

near the comers, crayfish also tumed at the sides of the aquarium. Group socialized

crayfish tumed more at the side in the reflective environment than in the non-reflective

environment (Fig. 3.2C; paired t test, p <0.05). Dominant crayfish paired for 30 min

tumed more at reflective walls than non-reflective walls (p <0.005), but subordinates

paired for 30 min did not (p - 0.24). In contrast, both dominant and subordinate crayfish

tumed more at the side in the reflective environment than in the non-reflective

environment (p<0.05 for both).

The number of total tums made in the test tank, which includes tums toward the

mirror, tums away from the mirror and tums at the side, was also measured for each

group. After 30 min of pairing, dominant (Fig. 3.2D, paired t test; p < 0.(X)01) and

subordinate {p <0.05) crayfish tumed more on the mirrored side of the tank than on the

matte side. After 3 days of pairing, both dominant and subordinate crayfish tumed more

overall in the reflective environment compared to the non-reflective environment

(dominants, p<0.005; subordinates, p<QX)5). The group socialized crayfish showed no

preference for reflection with regard to total tums in the tank (p = 0.1).

68



• ii /tiTJ

H/f



^ Crossing

Crayfish sometimes left the perimeter of the test tank, entered the center and

crossed to another wall. While in the mirrored environment, a crayfish can cross to

another mirrored wall or enter the non-reflective environment and cross toward a non-

reflective wall; while in the non-reflective environment, the converse is true. Thus, as in

an earlier report (May and Mercier, 2006), the following outcomes were considered:

crossing toward a reflective wall vs. a non-reflective wall, and crossing away from a

reflective wall vs. a non-reflective wall. The group socialized crayfish did not cross

toward reflective walls any more often than toward non-reflective walls (Fig. 3.3A; paired

t test, p = 0.42). Following 30 min of socialization, dominant crayfish crossed more often

toward reflective walls {p <0.005), but subordinate crayfish did not (/? = 0.11). This

pattern remained the same after 3 days of pairing, when again only dominant crayfish

crossed toward reflective walls more often than non-reflective walls (p < 0.05), and

subordinates showed no preference {p = 0.24).

Crossing away from reflective versus non-reflective walls was also quantified.

Group socialized crayfish crossed away from reflective walls more than non-reflective

walls (Fig. 3.3B; paired t test, p <0.05). After 30 min of pairing, both dominant {p

<0.005) and subordinate (p <0.05) crayfish also crossed away from mirrored walls more

than non-reflective walls. After 3 days of pairing, this pattern changed. Although

dominant crayfish continued to cross away from non-reflective walls more frequently

than reflective walls (p <0.005), subordinate crayfish did not (p = 0.24).
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Figure 3.3. Crossing behaviour of crayfish recorded during 20 min of observation. (A)

Mean frequency of crosses toward reflective and non-reflective (matte) walls. Group

socialized crayfish crossed toward reflective walls more than non-reflective walls.

Dominant crayfish paired for 30 min and 3 days both crossed toward reflective walls

more frequently. (B) The mean frequency of crosses away from reflective and non-

reflective (matte) walls. Group socialized crayfish crossed away from reflective walls

more frequently than matte walls. After 30 min of pairing, both dominant and

subordinate crayfish cross away from reflective walls more than non-reflective walls.

Dominant crayfish paired for 3 days also crossed away from reflective walls more

frequendy. (paired t test; ** p <0.(X)5, * p <0.05; N = 25). Errors bars are standard

deviations.
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Figure 3.4. The mean frequency of freezing behaviour recorded during 20 min of

observations on the reflective and non-reflective sides (matte) of the test aquarium.

Dominant and subordinate crayfish paired for 3 days froze more frequendy on the

mirrored side of the tank. After 3 days of pairing dominant and subordinate crayfish also

froze more in the reflective environment as opposed to the non-reflective environment,

(paired / test; *** p <:0.(XX)1, ** p <0.(X)5, * p <0.05; N = 20). Error bars depict standard

deviation.
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Freezing

"Freezing" behaviour commonly occurred at or near the mid-line of the aquarium

but was observed anywhere in the tank. Both dominant and subordinate crayfish paired

for 30 min froze more frequently in the reflective environment than in the non-reflective

environment (Fig. 3.4; paired t test- dominant, p <0.0001; subordinate, p <0.005). After 3

days of pairing, both dominant (p <0.05) and subordinate (j? <:0.(X)5) crayfish exhibited

freezing more on the reflective side of the tank than on the non-reflective side. Group

socialized crayfish did not show a preference for freezing in either environment (p =

0.06).

Reverse Walking

Reverse walking occurred when the crayfish stopped and walked in reverse or

"backed up" for more than one crayfish body length. This behaviour occurred

infrequently but was not associated with any external disturbance. Group socialized

crayfish perfocmed more reverse walking on the mirrored side of the aquarium than on

the non-reflective side (Fig. 3.5; paired t test, p < 0.(X)5). Neither dominant nor

subordinate crayfish paired for 30 min exhibited a preference for reverse walking on

either side of the aquarium (dominant, p= 1 .0; subordinate, p = 1 .0). In contrast, after 3

days of pairing, both dominant (p <0.05) and subordinate (p <:0.05) crayfish reverse

walked more frequently on the mirrored side of the tank.
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Figure 3.5. The mean frequency of reverse walking behaviour observed in crayfish for 20

min on the reflective or non-reflective (matte) sides of the test tank. Group socialized

crayfish reverse walked more on the mirrored side of the tank. Both dominant and

subordinate crayfish paired for 3 days also reverse walked more on the reflective side

compared to the non-reflective side of the aquarium, (paired t test; ** p <0.(X)5, * p

<0.05; N = 20). Error bars represent standard deviations.
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Figure 3.6. The mean total time each crayfish group spent on the reflective and non-

reflective (matte) sides of the aquarium during 20 min of observation. Group socialized

crayfish spent more time overall on the reflective side of the tank. Both dominant and

subordinate crayfish paired for 30 min spent more time in the reflective environment

compared to the non-reflective environment. After 3 days of pairing only dominant

crayfish spent more time on the reflective side of the test tank, (paired t test; ** p <:0.(X)5,

* p <0.05; N = 20). Error bars represent standard deviations.
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Time Spent in Reflective Environment

During the 20 min observation period, group socialized crayfish spent more time

on the reflective side of the aquarium than on the matte side (Fig. 3.6; paired t test, p

<0.05). After 30 min of pairing, both dominant (p <0.005) and subordinate {p <0.05)

crayfish preferred the reflective side of the tank over the non-reflective side. Dominant

crayfish that had been paired for 3 days also spent more time on the reflective side of the

tank compared to the non-reflective side {p <0.05), but subordinate crayfish paired for 3

days showed no preference for any side (p = 0.84).

Overall Activity

Overall activity level was assessed in two ways. First, the number of times each

crayfish crossed the midline of the tank, leaving one environment and entering another,

was measured. Second, the frequencies of all behaviours examined (cornering, turning,

crossing and reverse walking) were combined and used to determine if there is a

difi'erence between crayfish groups with regard to overall activity level. An ANOVA

revealed a difference between groups for the number of times crayfish crossed the

aquarium midline (Fig. 3.7; p=0.0\2). A Tukey HSD post hoc analysis revealed that

dominant crayfish paired for 3 days crossed the midline more frequently than did

dominant crayfish paired for 30 min (p <0.05) and subordinate crayfish paired for 30 min

(p <0.05).
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When behaviours on both sides of the tank were combined, an ANOVA found no

difference in activity level between crayfish groups, but the results approached statistical

significance (p = 0.06). The mean frequency for each crayfish group was as follows:

Group Socialized 33.2 ± 18.1, 30 min Dominant 29.4 ± 9.5, 30 min Subordinate 28.5 ±

15.5, 3 day Dominant 40.0 ± 14.6, and 3 day Subordinate 38.2 ± 14.9. The frequency of

overall activity was also measured for each side of the tank separately. For behaviours on

the mirrored side of the tank, there was no significant difference between crayfish groups

(ANOVA; p = 0.42; Control Group 20.6 ± 1 3.4, 30 min Dominant 2 1 .8 ± 7.6, 30 min

Subordinate 19.9 ± 14.1, 3 day Dominant 26.5 ± 10.6, 3 day Subordinate 22.5 ± 11.0).

On the matte side of the tank, however, there was a difference in the overall activity level

between crayfish groups (ANOVA; p <0.(X)5), although behaviours were performed less

frequently. Subordinate crayfish paired for 3 days had the highest activity level (15.8 ±

5.5), followed by dominant crayfish paired for 3 days (13.5 ± 5.9), group socialized

crayfish (12.6 ± 8.9), subordinate crayfish paired for 30 min (8.6 ± 4.4) and dominant

crayfish paired for 30 min (7.6 ± 3.6).

A summary of statistically significant differences for all crayfish groups and all

behaviours was constructed (Table 3.2). Data previously published by May and Mercier

(2006) are included for comparison. Dominant crayfish paired for 30 min behave

similarly to those paired for 14 days. Subordinate crayfish paired for 30 min behave

similarly to dominant crayfish, but subordinates paired for 3 days behave similarly to

subordinates after 14 days of pairing.
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Table 3.2: Summary ofsignificant differences between behaviours on the reflective vs.

non-reflective sides of the test tank observed in the present study, compared with those

reported previously by May and Mercier (2006)for 14 day pairing.

Behaviour
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Differences between Crayfish Groups

To determine if there were any differences between crayfish groups, the difference

in behaviours performed on each side of the tank (A mirror-matte) was used to conduct a one-

way ANOVA. Few differences between groups were observed. Group socialized

crayfish performed reverse walking in the reflective environment more frequently than

both dominant and subordinate crayfish paired for 30 min (ANOVA with Tukey HSD

post-hoc analysis, p<0.05 for both). Dominant crayfish paired for 30 min cornered

significantly more on the mirrored side of the tank (p<0.05) and spent more time in

reflective comers (p<0.01) than subordinate crayfish paired for 3 days. Dominant crayfish

paired for 30 min also spent more time overall in the reflective environment than

subordinate crayfish paired for 3 days (p<0.05).
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DISCUSSION

The present study provides new information about how the behaviour of dominant

and subordinate crayfish changes during the socialization period. After 30 min of pairing,

when social rank is first emerging, dominant and subordinate crayfish respond with

remarkable similarity to a reflective environment. Their responses are essentially the

same for 7 of the 9 behavioural features examined in the present work (Table 3.2), and

their responses are also nearly identical to those of dominant crayfish paired for 2 weeks,

reported previously (May and Mercier, 2(X)6). Thus, the first few agonistic encounters

appear to produce a dominant behavioural pattern with respect to reflection in all crayfish

regardless of whether they win or lose. Since 7 of 9 responses of dominant and

subordinate crayfish to the reflective environment differ from those of group socialized

crayfish (which were not paired), pairing appears to cause the emergence of a dominant

behavioural pattern with respect to reflection in all crayfish initially. After 3 days of

pairing, several results indicate that responses of dominant and subordinate crayfish

diverge (Table 3.2). First, dominant crayfish show nearly the same pattern as at 30 min

of pairing, with 8 of 9 behaviours the same, and the pattern is also nearly identical to that

of dominants after 2 weeks (May and Mercier, 2006). Second, subordinates on day 3

respond differently from subordinates paired for 30 min in 8 of 9 behaviours. Thus, the

behaviour of subordinates changes between 30 min and 3 days. Third, the responses of

dominant and subordinate crayfish after 3 days differ in 7 of the 9 behaviours examined.
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Thus, the subordinate pattern of responses to a reflective environment develops more

slowly than the pattern observed in dominant crayfish (May and Mercier, 2006).

In previous work (Drozdz et al., 2006; May and Mercier, 2006), isolated crayfish

were used as a comparison group. In those studies, however, the experimental groups

were isolated for two weeks prior to two weeks of pairing, in an attempt to reduce or

extinguish effects of socialization in the community tank before pairing occurred. Those

paired crayfish responded differently to the reflective environment of the mirror/matte

tank than did crayfish that had been isolated for a total of four weeks (Drozdz et al., 2006;

May and Mercier, 2006). In the present work, no attempt was made to reduce or

extinguish effects of socialization in the community tank prior to pairing. Crayfish

housed in a community tank were used as a comparison group because their holding

conditions and social environment were identical to those of the experimental groups

except for the fact that they were not paired. In fact, they came from the same holding

tank as the paired groups.

Crayfish housed in large groups are socialized and naturally develop a stable

dominance hierarchy over time (Bovbjerg, 1953; Lowe, 1956). Once the hierarchy is

established, fighting behaviour and preludes to fighting behaviour decrease over time

(Copp, 1986; Goessman et al., 2(X)0; Bergman et al., 2003). Group socialized crayfish,

therefore, would constitute a mix of varying degrees of dominance states. Results in the

present work are consistent with this interpretation. If the different patterns of response

to reflection exhibited by dominant and subordinate crayfish after 3 or 14 days (Table

3.2) represent two extremes, one would predict that a group of crayfish with mixed

m
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dominance ranks would behave differently from those two extremes, since they would not

all be dominant or subordinate. The group socialized crayfish differed from 3 day f.

dominant crayfish in six of the ten behaviours examined and from 3 day subordinate

crayfish in four often behaviours (Table 3.2). Group socialized crayfish also differed

from 14 day dominant crayfish in six of nine behaviours and from 14 day subordinate

crayfish in five of nine behaviours reported elsewhere (May and Mercier, 2006; see Table

3.2), '
• :>_ -'

r.- - ^

The behavioural patterns observed in dominant and subordinate crayfish after 30

min of pairing were very similar to each other but not identical (Table 3.2). At this time,

dominant and subordinate crayfish both performed more cornering and spent more time

cornering in the reflective environment. They both turned toward and away from

reflective comers more than non-reflective comers and crossed away from reflective

walls more frequently. Both groups also spent more time on the mirrored side of the tank

compared to the matte side. All 8 of these features are also exhibited by dominant n» *

crayfish after 14 days of pairing. Several of these features suggest that the crayfish either

seek the reflection or show a preference for it. Such features include more cornering on

the mirrored side, more time comering on the mirrored side, more tuming toward

reflective comers than non-reflective comers and more time spent in the reflective

environment. The only differences between dominant and subordinate crayfish after 30

min of pairing were that subordinates did not perform more turns at the side in the

reflective environment and did not cross more frequently toward reflective walls than

non-reflective walls. • u Tit . . . >m ••..
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After 3 days of pairing, dominant crayfish continued to behave in a manner

suggesting preference for the reflective surfaces. They performed more cornering, spent

more total time cornering and spent more total time on the reflective side, and they turned

more frequently toward reflective sides and crossed more frequently toward reflective

sides. At the same time, subordinate crayfish showed no preference for any of these

behaviours with regard to reflection. The only features shared by dominant and

subordinate crayfish after 3 days were turning at reflective sides, freezing and reverse

walking. Thus, the responses of subordinate crayfish to a reflective environment are

more consistent with avoiding reflective surfaces.

Hazlett (1966) found that hermit crabs required 3 days of socialization to

effectively alter their behaviour. In those experiments, subordinates moved away or

retreated into their shell in response to a conspecific after 3 days. Although the responses

to a reflective environment after 3 days of pairing are very similar to those reported

previously for crayfish paired for 14 days (May and Mercier, 2006), the patterns are not

identical (Table 3.2). After 3 days, subordinate crayfish turned significantly more at the

side of the tank in the reflective environment than in the non-reflective environment, but

no such difference occurred for subordinate crayfish after 14 days of pairing. After 14

days of pairing, subordinate crayfish spent more time in reflective comers and turned

away more frequently from reflective comers. But after 3 days of pairing, neither one of

these patterns were observed. Although the dominant crayfish did not perform more

reverse walking in either environment on day 14, they did perform significantly more

reverse walking in the reflective environment on day 3. These few differences between
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behavioural patterns on days 3 and 14 cannot be attributed to differences in the testing

environment because the test tank and testing procedure were identical to those used in

the earlier study (May and Mercier, 2006). Some behaviours associated with the

reflective environment might be labile and may take more time to stabilize as dominance

rank is established. Dominance rank itself can be labile, as indicated by reversals in rank

reported by others (Goessmann et al., 2000; Delgado-Morales et al., 2004; Song et al.,

2006). Although no rank reversals occurred in the present investigation, responses to the

reflective environment might be more labile. Alternatively, some behaviours (eg. reverse

walking) are infrequent, which might give rise to sampling errors. In either case, many

behaviours should probably be monitored when attempting to distinguish responses to

reflection between different groups of crayfish.

It is important to assess overall activity of crayfish reported in this study to

elucidate if the increase in the frequency of behaviours performed was due to an increased

activity level. Dominant crayfish paired for 3 days crossed the midline more frequendy

than either dominant or subordinate crayfish paired for 30 min (Fig. 3.7). Crossing the

midline indicates that the crayfish crossed from one environment into another.

Occasionally crayfish would walk back and forth from the mirrored side to the non-

reflective side of the tank and vice versa. This requires little locomotion and this may be

the case for dominant crayfish paired for 3 days because although they crossed the

midline more frequently than crayfish paired for 30 min, they also spent more time in the

reflective environment versus the non-reflective environment. The second way activity

level was measured was to calculate the frequency of behaviours examined (cornering.
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turning, crossing and reverse walking). When the behaviours were examined as a whole,

regardless of what side of the tank they occurred on, there was no significant difference

between groups. On the mirror side of the tank there was also no difference in the

activity level of crayfish, however, on the matte side of the tank a significant difference

was found. Dominant and subordinate crayfish paired for 3 days were more active on the

non-reflective side of the tank than crayfish paired for 30 min. These results suggest that

while there may be differences in activity level between crayfish with a different

dominance rank, the level does not appear to be reliant on or correlated to social status.

Although the mechanisms underlying responses to a reflection are not known,

many physiological differences between dominant and subordinate crayfish have been

demonstrated (Yeh et al., 1996, 1997; Krasne et al., 1997; Edwards et al., 2003).

Serotonin is often investigated when examining changes that result from a particular

dominance status. Injecting serotonin into lobsters and crayfish produce a posture that

resembled the typical posture observed in dominant crayfish, and injection of octopamine

into crayfish and lobsters produced a posture that is observed in submissive crayfish

(Livingstone et al., 1980). Injections of serotonin analogues however, did not mimic

serotonin with respect to its affect on posture (Tierney and Mangiamele, 2001).

Injections of serotonin into a subordinate crayfish increased its willingness to engage in

fighting and increases fight duration (Huber et al., 1997; Huber and Delago). The role of

serotonin in how crayfish respond to a mirror image has yet to be examined.

These results suggest but do not prove that crayfish perceive their mirror image as

a conspecific. After 3 days of pairing, subordinate crayfish no longer comer more
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frequently or spend more time in reflective comers, and they no longer cross toward

reflective walls or turn toward reflective comers, as both dominant and subordinate

crayfish do after 30 min of pairing. Subordinate crayfish may be avoiding the reflection

or merely no longer seeking it out. This effect of subordinate status is also seen in social

interactions and has been called the "loser effect" (Goessmann et al., 2000). A crayfish

that loses its first agonistic encounter is more likely to lose subsequent encounters and

will retreat from and avoid a winning crayfish (Bmski and Dunham, 1987; Huber and

Kravitz, 1995; Guiasu and Dunham, 1997; Tiemey et al., 2000). Once rank has been

established, subordinate crayfish initiate contact with a conspecific less than dominant

crayfish and do not approach a dominant crayfish as fi-equently as they approach naive

crayfish (Rubenstein and Hazlett, 1974; Copp, 1986). If indeed crayfish perceive the

mirror image as a conspecific, it is consistent with literature that subordinate crayfish

avoid their reflection more frequently the longer they are paired.

An alternative explanation for the results reported here is that the crayfish are

responding to the movement seen in the mirror and not to the image per se. It is possible

that dominant crayfish seek out the movement in the mirror and subordinate crayfish

avoid it. This difference may be a result of learned submissiveness in subordinate

crayfish. Further work is required to answer the question as to whether crayfish view

their mirror image as a conspecific and to understand the cause of changes observed in

behavioural responses to reflection.
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CHAPTER 4:

GENERAL DISCUSSION AND PERSPECTIVES

The present thesis demonstrates that subordinate and dominant crayfish respond

differently to a reflective environment. These findings add to the list of differences that

occur between crayfish as a result of social rank. Dominant crayfish perform cornering,

crossing, and turns toward a comer and at the side of the tank more frequently in a -

reflective environment, where the aquarium is lined with mirrors, than in a non-reflective

environment, where the aquarium is lined with a non-reflective plastic. Dominant

crayfish also spend more time in reflective comers and more time overall in the reflective

environment. Subordinate crayfish, on the other hand, perform more reverse walking on

the reflective side of the tank than on the matte side. Isolated crayfish exhibit no

significant differences in behaviour between the two sides of the test aquarium.

The initial experiments were performed by pairing crayfish for two weeks;

subsequently crayfish were paired for 30 min and for three days to determine how the

difl^erences between dominant and subordinate crayfish develop over time. The results

demonstrate that after 30 min, when social ranks are first distinguishable, dominant and

subordinate crayfish respond similarly to reflective surfaces, exhibiting the pattern of

behaviour observed in dominant crayfish that are paired for two weeks. After three days

of pairing, responses of dominant crayfish do not change but subordinate crayfish exhibit

responses to a reflection observed after two weeks of pairing. These findings indicate

that responses of dominant and subordinate crayfish to reflection diverge over time.
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Only three previous studies have investigated responses of crustaceans to a mirror

image. Female fiddler crabs were shown to be attracted to a magnified mirror image of a

male waving crab more than they were attracted to a non-magnified reflection or the

actual male fiddler crab (McLean and Pratt, 2007). Hermit crabs were shown to respond

aggressively to reflection, and their behaviours were correlated with the degree of

camouflage on their shells (Dunham et al., 1986). The dominant status of the hermit

crabs was not specified in that report. Drozdz et al. (2006) reported that crayfish -

socialized for two weeks performed more turning and cornering in a reflective

environment, whereas isolated crayfish exhibited no preference. The social rank of

socialized crayfish was not known in that study.

The present thesis demonstrates for the first time that the social status of agonistic

crayfish plays an important role in responding to a reflection. The findings that only

subordinate crayfish performed reverse walking in the reflective environment after two

weeks of pairing suggests that subordinate crayfish were retreating fi-om the mirror

image. Neither dominant nor isolated crayfish exhibited more reverse walking on either

side of the aquarium after 14 days. Further experiments, however, yielded conflicting

results. Neither dominant nor subordinate crayfish paired for 30 min performed more

reverse walking in the reflective environment than in the non-reflective environment.

After three days of pairing, however, both dominant and subordinate crayfish exhibited

significantly more reverse walking in the reflective environment. Since reverse walking

is an infrequent behaviour observed once or twice during the 20 min observation period

any statistically significant difference found in the frequency might occur as a result of a
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sampling error. Alternatively, reverse walking may require more than three days of

socialization to be exhibited consistently in subordinate crayfish and consistently absent

in dominant crayfish. More work is required to determine if reverse walking is an

appropriate measure of responses to a reflection.

Differences between dominant and subordinate crayfish and lobster have been

well researched, and the present study adds to this knowledge. The physiological cause

of the difference in responses to a reflection between dominant and subordinate crayfish

is not known. The present results are consistent with behavioural differences reported by

others between dominant and subordinate individuals of this and other species.

Subordinate crayfish do approach and initiate contact with conspecifics; however, they do

so less frequently than do dominant crayfish (Rubenstein and Hazlett, 1974; Copp, 1986).

At least some invertebrates, such as cutdefish (Palmer et al., 2006), fidler crabs (McLean

and Pratt, 2007) and hermit crabs (Dunham et al., 1986) appear to recognize the image in

a mirror as a conspecific. In the experiments presented here, subordinate crayfish that

were paired for more than 30 min approached the mirror image less frequently than did

dominant crayfish. Thus, in light of earlier findings, the present data are at least

consistent with the notion that crayfish perceive the mirror image as a conspecific.

It is not known how crayfish perceive the mirror image. When able to choose

between a reflective environment and a non-reflective environment, dominant crayfish

spend more time in reflective comers, turn toward reflective corners and cross toward

reflective walls more frequently. These behaviors suggest that dominant crayfish seek

out their mirror image. This pattern of behaviour is exhibited immediately after a 30 min
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pairing and remains stable for up to two weeks. The responses of subordinate crayfish,

however, appear to change over time. After three days of pairing and up to two weeks,

subordinate crayfish show no preference for the mirror image and may reverse walk more

frequently in a reflective environment. These results suggest that crayfish perceive their

mirror image as a conspecific or as a threat, although more work is required to

substantiate this interpretation. *

An alternative explanation to species recognition is that the movement seen in the

mirror changes the behaviour of socialized crayfish. Dominant crayfish may seek out

such movement and, thus, perform specific behaviours more frequently in the reflective

environment, which in turn would generate more movement in front of the mirror.

Subordinate crayfish may simply avoid the movement observed in the mirror. This may

be a residual effect of the retreating and avoidance behaviours that are exhibited by

subordinate crayfish in social situations.

Another possible explanation for the differences observed in these experiments is

that dominant and subordinate crayfish exhibit different activity levels. Differences in

activity levels were observed in some experiments on the mirror or matte side of the tank.

When the total activities performed in the aquarium as a whole were measured, however,

there were no differences between dominant and subordinate crayfish regardless of the

length of socialization. There were no significant differences in activity levels in the

reflective environment either. There were significant differences in overall activity on the

non-reflective side of the tank, with subordinate crayfish showing higher activity than

dominant or group socialized crayfish. None of these observations is consistent with the
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idea that dominant crayfish only appear to be attracted to reflective surfaces because they

are more active and that subordinate crayfish appear to avoid reflective surfaces because

they are less active.

The finding that the responses of dominant and subordinate crayfish diverge with

time suggests that through socialization, the crayfish learn to respond to the mirror image

in different ways depending on its rank. Dominant crayfish respond to reflective surfaces

with an enhanced frequency of cornering, crossing and certain turning behaviours after

only 30 min of socialization. Subordinate crayfish, however, require a longer duration of

socialization to extinguish or reduce the increased frequency of such behaviours observed

after 30 min of pairing. Subordinate crayfish may be learning to act submissively to back

away and avoid contact with a conspecific, and they may respond the same way to the

reflection in a reflective environment. Dominant crayfish may quickly learn to respond

aggressively to conspecifics and, thus, may approach the reflection more frequently.

Differential responses of dominant and subordinate crayfish might develop according to a

standard learning paradigm. Multiple trial socialization periods in a short period of time

may elicit the same response that is seen after two weeks of socialization.

This thesis examined how adult crayfish respond to reflection which provides only

visual feedback. It is not known how the age of crayfish influences its behaviour and

specifically, how juvenile crayfish will respond to a mirror image. Like adults, juvenile

crayfish also engage in agonistic encounters and form dominance hierarchies (Issa et al.,

1999; Goessmann et al., 2000) and, therefore, may also respond to reflective surfaces in

the same manner. Other forms of visual stimuli should also be examined to determine the
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extent that crayfish perceive visual input. The use of 3D models, movies and possibly

holograms will help us identify how crayfish perceive their environment.

Findings reported here provide a more complete understanding of how agonistic

encounters and social rank can affect behaviour. I have demonstrated that socialized

crayfish respond to reflective surfaces. This is very important for researchers examining

crayfish behaviour in a laboratory setting because reflective walls in a holding or testing

tank may influence their results. These findings, therefore, can result in new

experimental designs to eliminate this variable in future research.
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