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ABSTRACT 

 
Evidence of lateralized behaviors has been reported for over fifteen species of 

fish, including flatfishes (Pleuronectiformes). Pleuronectiforms are some of the most 

asymmetrical vertebrates, possessing a number of asymmetries in anatomy and in 

behavior. The anatomical asymmetries produced in metamorphosis can occur in either 

direction, depending on the taxon. Lateralization of predator evasion response was 

investigated for two species of pleuronectiform fishes: Paralichthys albigutta and 

Pseudopleuronectes americanus. P. albigutta has its eyes on the left side of its head 

(sinistral) and P. americanus is right-eyed (dextral). When repeatedly ushered through a 

Y-maze by a simulated predator, P. albigutta showed a strong initial bias to turn right, 

and P. americanus showed a strong initial bias towards the left. The strength of both 

preferences diminished over subsequent sessions. These opposing biases correlate with 

the chirality of asymmetry in these species. This evidence suggests that the direction of 

lateralization may be conserved across sinistral and dextral flatfishes respectively. 

 

Dr. Leo S. Demski 

Division of Natural Sciences
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Introduction 

 
Lateralization is an asymmetry in mental processes that manifests itself in 

behavior. Not only is lateralization involved with a genetic component, but there can also 

be an environmentally-induced, “learned” lateralization (discussed later). In order to 

elucidate the causes of these asymmetries, a broad understanding of the organism of 

study and the theories of lateralization are required. Because of this, the Introduction 

includes information on both lateralization and flounder biology. Some of this 

information was also relevant to the husbandry required for the subjects used in the study. 

 
 
1) Overview of Lateralization 

 
 Functional asymmetry of the division of labor in the brain (commonly known as 

lateralization) has been documented across the animal kingdom from humans to cold-

blooded vertebrates (Bisazza 1998), and even invertebrates (Byrne et al. 2002). A 

correlation between anatomical brain asymmetry (brain lateralization) and lateral motor 

preferences (behavioral lateralization) has been observed in many of these organisms 

(Hobert 2002; Bisazza 1998). Behavioral lateralization may have evolved over 500 

million years ago; injuries in trilobite fossils from failed attempts at predation (Babcock 

1993) suggest that asymmetries in evasion responses were present in the Cambrian 

period. Not only has lateralization been documented on a population-level (across the 

population), but on the level of the individual as well. Although a species or population 

may show a bias in side preference (such as right-handedness in humans), exceptions are 

fairly common. Some individuals have bilaterally symmetrical behavior and are said to 

be non-lateralized. Furthermore, some prefer the side opposite from the majority of the 
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population (Morgan 1991). In organisms with paired limbs, this is often measured (in a 

non-invasive manner) by limb preference. However, in certain organisms such as fishes, 

this method is often nonfeasible. Instead, other behavioral measures are employed to 

investigate asymmetry. Examples of other techniques include: ocular dominance (De 

Santi 2001), flight response (Cantalupo, Bisazza, Vallortigara 1995), detour asymmetry 

(Facchin 1999), rotational movement (Bisazza and Vallortigara 1997), sound production 

(Bauer 1993), scar analysis (Reist et al. 1987), and other behavioral observations 

(Reddon 2008).  

 This Introduction concerns lateralization mechanisms, including a discussion of 

their origins and evolutionary implications. Lateralization at both the individual level and 

at the population level is discussed. Behavioral and brain lateralization at the population 

level is documented in a wide variety of animals including fishes, reptiles, amphibians, 

birds, mammals, and invertebrates. The possible reasons why some populations are not 

lateralized are also discussed. Lateralization in other animals and lateralization of evasion 

behavior are covered, followed by the basic biology, neuroanatomy, and behavior of two 

species of pleuronectiform fishes: Paralichthys albigutta and Pseudopleuronectes 

americanus. 

 

Origins and significance 

Almost 150 years ago Paul Broca first described a functional difference (Broca 

1861) between each side of the brain. His most-famous patient “Tan” had a syphilitic 

lesion in his left cerebral hemisphere. Although the damage was only to one specific area 

on one side of the cerebrum, Tan could not articulate speech. He was only able to utter a 
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few words in any situation, one of them being “tan”. This type of speech impairment 

became known as Broca’s aphasia. Since Broca’s discovery the division of labor in the 

brain has been examined across various animals (Vallortigara 2006). Despite the 

prevalence of lateralization, empirical evidence demonstrating advantageous brain 

function is limited (Rogers, Zucca, Vallortigara 2004). Most researchers assert that its 

origins stem from the increased ability to function with divided attention. Assuming each 

half of a lateralized brain is capable of processing a task (or half of a task depending on 

complexity), this would allow for the brain to simultaneously process information which 

may be mutually exclusive in a non-lateralized brain (Dadda and Bisazza 2006; Dadda 

2006; Rogers 2002).  

 The spectrum of lateralization ranges from strongly lateralized, to no noticeable 

lateralization. In order to determine a difference in performance between lateralized and 

non-lateralized individuals, subjects with these characteristics must be obtained. For 

many animals, finding enough of these individuals for an appropriate sample may not be 

feasible. However, the degree of lateralization in fish is often genetic (Bisazza, Facchin, 

Vallortigara 2000), allowing for quick and easy production of lateralized populations. 

Because of this, much of the relevant literature feature fishes as their model organisms. 

The availability of these specimens has allowed for more in-depth studies regarding 

lateralization than simply determining its presence. Furthermore, many of these studies 

provide evidence that brain lateralization (as demonstrated through behavioral 

lateralization) is beneficial to animals, allowing for better performance in tasks which 

integrate more than one type of stimulus. This type of multitasking is considered to be 

evolutionarily selective (Vallortigara 2006). 
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Evidence of multitasking has been found in female livebearers, family Poeciliidae 

(Dadda 2006). Male fish constantly attempt to mate with the females. If this continues 

(uninhibited by behavior) the female may become injured or fatigued. Thus they must 

chase the (smaller) males away or evade their attempts, preventing harm. This behavior is 

performed with other tasks such as foraging. Dadda & Bisazza (2006) concluded that 

lateralized females were able to forage more efficiently than nonlateralized females in the 

presence of a courting male. 

 Dadda & Bisazza (2006) investigated neurological multitasking in the teleost fish 

Girardinus falcatus. The subjects were selectively bred for a high or low degree of 

laterality. Lateralized (LAT) fish were categorized as right-dominant (RD) or left-

dominant (LD), and were experimentally compared to nonlateralized individuals (NL). 

The simultaneous stimuli presented to these fish consisted of a predator held behind a 

barrier and food in the water column. Without a predator present, both LAT and NL fish 

foraged for food with similar efficiency; but when a predator was introduced (to the 

visual field) the nonlateralized fish had a markedly reduced rate of capture. The 

lateralized fish on the other hand, were only marginally affected. This evidence of 

multitasking was solidified by the fact that LD fish almost always watched the predator 

with their right eye and captured food on their left side, whereas the RD fish positioned 

themselves in the opposite direction. 

 There also appear to be differences in learning abilities between lateralized and 

nonlateralized individuals; humans with more striking lateralization exhibit slightly better 

verbal and mathematical abilities (Crow et al. 1998). A study by Sovrano, Dadda, and 

Bisazza (2005) required female G. falcatus to learn an escape route from the 
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experimental enclosure based on geometric and nongeometric cues. In each trial the fish 

were introduced to a rectangular enclosure. The tank featured a small door at each corner, 

one of which allowed passage when a fish bumped into it. For the first part of the 

experiment, three of the tank walls were white and one was blue. The fish were required 

to orient themselves based on the blue wall (a geometric cue) and find the appropriate 

door (always in the same location relative to the blue wall). After an initial trial, the fish 

were “disoriented” before they were placed back into the enclosure. This was achieved by 

placing the fish into an opaque container and rotating them, in addition to rotating the 

tank 90o between trials, eliminating the possible use of a compass or inertial information. 

In the second part of the experiment all of the walls were the same color, but the doors 

had visual designs on them (nongeometric cues). These tests concluded that although 

both lateralized and nonlateralized females learned to orient themselves and find the 

appropriate door, the lateralized individuals learned to do so with fewer trials and errors. 

Though the study only pertains to spatial learning, it may represent a broad deficit in 

general functionality (Sovrano, Dadda, Bisazza 2005).  

 The multitasking assumption has been supported by further research; Dadda, 

Zandonà, & Bisazza (2007) investigated “emotional responsiveness” in G. falcatus. This 

was quantified using four different experiments; each based on the fish’s readiness to 

explore an unfamiliar setting. These experiments tested the alternative hypothesis that 

previous discrepancies between lateralized and nonlateralized subjects were due to their 

emotionality (and not lateral dominance). The first test was a measurement of exploratory 

tendency in a novel environment. An equal number of lateralized fish and nonlateralized 

fish were released into an unfamiliar tank from a small box; and a camera was used to 
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record their behavior. The point of release was at the center of a large circle. “Boldness” 

was determined by the amount of time (latency) that it took for the fish to “explore” 

outside of the circle. The second experiment observed shoaling tendency in a novel 

environment. A single fish was released into the center of a tank, enclosed by mirrors. 

Shoaling behavior was measured when the subject swam against its mirror image, and 

separations from its reflection were noted as “defecting” from the group. The third test 

observed mating attempts made by LAT and NL males in a novel environment. 

Assuming all of these males would be unsettled after they were transferred, mating 

behavior should be initially reduced. The final test measured respiratory frequency in a 

novel environment (based on opercular movement). In many animals the rate of 

respiration increases in direct correlation with physiological stress. This test compared 

average time to “de-stress” (reduced opercular opening rate) for lateralized and 

nonlateralized subjects. 

 The statistical power of these experiments was low (due to the small sample size), 

but none of the measurements showed significant difference between LAT and NL 

individuals. This is consistent with the conclusion that the discrepancy between these two 

variants in previous experiments was due to lateralization. Qualitative observations made 

during this study noted slight differences in shoaling distance and elapsed time to resume 

sexual behavior. This is consistent with the theory that lateralization is conducive to good 

performance of tasks requiring simultaneous processing. These single-stimulus 

experiments may not require the parallel processing associated with hemispheric 

dominance, possibly explaining why the observed behaviors were not lateralized (Dadda, 

Zandonà, Bisazza 2007). 
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Individual vs. Population Level Bias 

 Most scientists have concluded that bilaterally symmetrical brains and behaviors 

are an oddity across the vertebrates (Bisazza 1998). Research (Sovrano et al. 2005) has 

indicated that lateral biases in behavior are advantageous at the individual level. However 

it is still unclear how advantageous lateralization might be at the population level since 

not all animals exhibit this phenomenon. In order for a population to become biased, 

lateralization must occur in the same direction for more than 50% of the individuals. 

These biases could theoretically be studied and learned by predators, allowing them to 

predict certain behaviors such as escape responses (Vallortigara 2006). This would 

clearly be disadvantageous to a lateralized population of organisms. However there could 

also be certain advantages to the predictability of behaviors. For example, social 

behaviors such as grouping tendencies may benefit from the ability to predict the motions 

of conspecifics. An animal is considered “social” if it lives in a structured group, such as 

a school, herd, pack, etc… (Pough, Janis, Heiser 1999). 

 Laboratory studies in certain fishes indicate that social behavior is correlated with 

population level lateralization; all ten social species of fishes studied exhibited population 

level biases during detour behavior, while solitary species did not (Bisazza et al. 2000). It 

should be noted that this correlation exists in a spectrum of intermediates between social 

and non-social animals, in which many species fall. Maintaining the correlation between 

sociality and population level biases, these intermediate animals may exhibit intermediate 

biases. Most species of flounder are in the intermediate portion of the spectrum. They live 

much of their lives hidden by whatever patch of sand they are resting in. However, many 
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species maintain territories (Manabe et al. 2005) which are protected by males. Females 

possess territories as well, but these often overlap with the resident (dominant) male. 

Some species, such as the wide-eyed flounder: Bothus podas, exhibit haremic mating 

systems (Carvalho, Afonso, Santos 2003), a strategy that is considered social.  

Further research with non-social fishes shows that species which lack detour 

asymmetry may have other behaviors which are lateralized. Bisazza & de Santi (2003) 

examined the lateralization of aggression in three species of fish. One of these, Betta 

splendens, was determined nonlateralized in previous studies, but significantly preferred 

to fixate rivals in the right visual field. Further evidence against the correlation between 

social fishes and laterality is found in Vallortigara’s assertion that predators can learn 

lateralization based on prey preferences. Taking this as fact, animals which prey on social 

fishes (assuming they are in fact lateralized) should show marked population level 

lateralization as well. This does not indicate where intermediate members of the fish food 

chain (such as piscivorous flounders) fit into the scheme of lateralization at this level.  

Flounders may also have reduced selective pressure (from predators) against 

population level biases because they avoid predation differently than most fishes: instead 

of swimming evasively, they rely on their ability to blend in with the substrate. Despite 

the lack of a “social” existence, the present study is not concerned with asserting the 

presence of behavioral lateralization in flatfish. A study performed by Bergstrom & 

Palmer (2007) determined that juvenile starry flounder show a bias in turning and prey-

strike orientation. This was performed by releasing live food into the tank and scoring 

each fish’s orientation for capturing prey. In addition, Wassersug et al. (1999) states: 

“Gross external asymmetry is rare in vertebrates and where it does occur, such as in the 
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flatfish (Pleuronectiformes), it is associated with asymmetric locomotion.” Although they 

provide no citation for this information, their study on tadpoles notes that species 

exhibiting such “gross external asymmetry” have lateralized behavior, whereas 

anatomically symmetrical species may not. 

 Behavioral lateralization often accompanies brain asymmetry. Those species with 

strong behavioral biases (at the population level) often have gross anatomical 

asymmetries in the brain (Bisazza 1998). This has been extensively documented in 

humans, where the right cerebral hemisphere tends to be wider in the anterior region, and 

the left hemisphere tends to be wider in the posterior region (Bradshaw 1989). An 

enigmatic part of the brain, the habenula, is an asymmetrical structure that is 

configurationally well-conserved across the vertebrates. This region consists of multiple 

nuclei (in addition to the pineal stalk) which are distributed unevenly and have 

unknown/undescribed functions (Walker 1980). This asymmetry is present in primitive 

species such as the cyclostomes (which includes the extant jawless fishes) as well as 

more derived vertebrates. It has even been noted in larval forms such as tadpoles 

(Morgan 1991). Some scientists speculate that the habenular nuclei may play a role in 

reward and reinforcement (Olds and Milner 1954), and possibly reproduction as well 

(Bisazza 1998). Additionally, Morgan (1991) noted that situs inversus (the anatomical 

reversal of asymmetrical orientation) of the abdominal organs in newts is also 

accompanied by situs inversus of the habenular region. 

 The indeterminate behavioral analog of situs inversus is known as fluctuating 

asymmetry. This describes the inability of an individual to develop normally (either 

symmetrically or asymmetrically) due to atypical factors, such as reduced heterozygosis 
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or environmental stress (Bisazza, Cantalupo, Vallortigara 1997). Fluctuating asymmetry 

offers a suitable explanation for biases at the individual level, but would not explain a 

population level bias (Cantalupo, Bisazza, Vallortigara 1995). For a flounder, fluctuating 

asymmetry could manifest itself as a fish with (superficially) normal anatomical 

asymmetries whose lateral biases differ from the population. 

Considerable evidence supports the idea that the benefits of neural lateralization 

can outweigh the disadvantages of having predictable behavioral lateralization (Bisazza 

et al. 2000). This assertion is based on the idea that the ability to simultaneously process 

information (which may otherwise be mutually exclusive) is more selectively favored 

than the possibility of “learned” predators. In addition, there are relatively few predators 

that prey on a single species; if predation is said to be lateralized as a whole (and not 

separately for each species of prey) then fluctuating asymmetry based on prey is unlikely. 

The apparent link between brain asymmetry and lateral biases is notable regarding 

predator-prey behaviors, but this may be a byproduct of laterally placed eyes and limbs 

(Facchin 1999). Dominance of one side enables these paired structures to function 

independently and simultaneously; and prevents elicitation of certain incompatible 

responses. 

 

2) Behavioral Preferences 

 The diversity of animal morphologies and behaviors causes lateralization to 

manifest itself in different ways. Some of these behavioral preferences are noted above, 

particularly those of fishes. However, tests for lateralization which involve fish are novel 

and often difficult to execute when compared to other vertebrates. Arguably the easiest 
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motor preferences to observe and quantify are limb preferences. These are usually 

calculated using the Laterality Index (LI) for each subject (Westergaard, Kuhn, Suomi 

1998): [(R – L) / (R + L)] × 100. In most vertebrates the asymmetrical use of paired 

structures is the simplest evidence for lateralized behavior. Lateral limb preference 

usually correlates with brain dominance of the contralateral side. The theory of task 

complexity is often used to explain the presence of lateralization in certain behaviors 

which use these paired structures. The theory states that the degree of lateralization of a 

specific action directly correlates with its complexity. Functions requiring the 

simultaneous use of paired structures are usually classified as “complex”. Fagot & 

Vauclair (1991) used handedness in monkeys to support this idea. They noted that 

morphologically symmetrical, paired structures (hands in this case) are similarly adept at 

performing “simple” tasks, but more precise actions exhibit stronger lateralization. The 

authors also discussed manual performance paradigms comparing the abilities of paired 

limbs. These studies measure lateralization by the comparative efficiency (accuracy, 

reaction time, etc…) of an action performed separately with each limb. 

Handedness/lateralization is determined by which side statistically performs better on 

average. The studies included in Fagot & Vauclair’s review concurred with this 

paradigm, although sometimes this only occurred at the highest level of task difficulty. 

One example given was a study in which monkeys were required to squeeze an object 

with isometric pressure for a specific duration of time (Preilowski 1979).  

Handedness is merely one manifestation of asymmetrical behaviors. Various 

paired structures in other animals (which do not have “hands”) also exhibit lateralization. 

Lateralization in parrots has been recognized for many years. Friedmann (1938) observed 
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“footedness” in seven different species of parrot by placing a piece of food in front of the 

bird. The food was equally approachable with each foot, but nineteen out of twenty 

individuals showed a marked preference for one limb. Levermann et al. (2003) 

discovered a similar asymmetry in free-ranging walruses. All twelve individuals studied 

exhibited preferential use of one flipper to excavate their prey (mollusks). Cold-blooded 

vertebrates also feature lateralized paired structures; a study conducted by Bisazza et al. 

(2000) described an asymmetry of fin use in the blue gourami Trichogaster trichopterus 

during object exploration. The blue gourami has filamentous, elongated pelvic fins with 

tactile and chemosensory capabilities. These fins are used for both exploration and for 

certain behavioral rituals, such as competitive displays. In the experiment these fish were 

presented with novel inanimate objects and the first fin used to investigate the object was 

recorded. After many trials with each fish, the researchers observed trends among 

individuals. As in similar studies, Bisazza et al. also found a significant asymmetry in 

limb preference at the population level.  

As mentioned, the preferential use of paired structures is often measured from 

limbs because of the ease of quantifying these obvious asymmetries. Alternatively, 

asymmetries in eye preference are also used to reliably indicate lateralization. These are 

particularly useful when dealing with fish, because fin use can be difficult to observe. 

Similar to the fin preference of gouramis in novel tactile exploration, zebrafish have a 

right-eye preference for viewing novel objects (Miklosi and Andrew 1999). When this 

behavior is exhibited, it is associated with biting; another form of exploration. Most 

species of fish have laterally placed eyes with relatively little binocular overlap. This 

requires them to scan a particular section of the environment with one eye at a time. The 
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presence of lateralized eye use may prevent conflicting response emission when a 

stimulus falls into the binocular field. The resulting direction of monocular field 

placement would be mutually exclusive, making a dominant eye (and side of the brain) 

beneficial to organisms with laterally placed eyes (Bisazza 1998).  

In the previously mentioned publication by Dadda, Zandonà, & Bisazza (2007), 

the second experiment (see page 5) features a classic example of such a preference. The 

experiment consisted of placing fish (one at a time) into a circular tank surrounded by 

mirrors. The fish tended to “school” with their mirror images on a particular side. 

Because there were no other individuals in the tank (as was the case in other rotational 

swimming experiments), this is also recognized as preferring to view a 

conspecific/stimulus with one eye. De Santi et al. (2001) refined this experiment by 

placing a mosquitofish (Gambusia holbrooki) in a rectangular tank with two mirrors on 

opposite walls. Monocular preference was estimated based on the fish’s angle with 

respect to the nearest mirror. This was the first of two experiments included in the paper. 

The second experiment tested for preferential eye use during predator inspection. 

Because the first experiment indicated a preferential bias to observe conspecifics with the 

left eye, De Santi et al. hypothesized that G. holbrooki would prefer to view predators 

with the right eye, keeping the shoal of conspecifics on its left. The testing tank was 

positioned adjacent to a tank containing a (relatively) large predatory fish. The layout of 

the tank consisted of a swimway with reference marks every centimeter. The test fish 

were released into the tank at the furthest mark from the predator. As soon as they exited 

the “safe zone” (delineated by an artificial plant) the movements of the fish were 

recorded with a video camera. Observations were made for preferential eye use (for 
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predator inspection) in each sector. The left-right position of each fish was recorded, as 

well as their distance from the predator. The total observations for all fish at all distances 

showed a slight preference to inspect with the right eye. This preference increased as the 

distance from the predator decreased. They also found that the fish preferred to approach 

the predator from the right side of the swimway, with their right eye facing the wall. This 

behavior was almost always accompanied by a dash to the opposite wall approximately 

halfway down the tank, allowing the fish to look at the predator with the eye that was 

previously facing the wall. These observations clearly indicate preferential eye use for 

mirror image scrutiny and predator inspection. 

Facchin, Bisazza & Vallortigara (1999) determined that ocular dominance may 

be, at least in part, the cause for directional biases. First they tested a group of fish 

(individually) for detour asymmetry by placing them in a swimway with a transparent 

vertical barrier towards each end. A large fishing lure (dummy predator) was introduced 

at the end opposite the subject and the test fish was ushered towards the model with a net. 

As the subject approached the predator (which was visible behind the transparent wall) it 

was forced to choose a direction to move around the transparent barrier. The fish were 

categorized by the strength and direction of detour preference. Then they took the fish 

previously tested for detour asymmetry and looked for a concordance with ocular 

preference. To observe this they placed each subject into a swimway with a net-barrier on 

one side. Behind this barrier, an object was placed; either the dummy predator or a red 

ball (neutral stimulus). The researchers recorded the fish as it approached the stimulus 

and noted the preferred eye for inspection. This was measured by the same method as 

similar experiments, and was based on the angle of the subject with respect to the 
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stimulus. The results indicate that sinistral fish (those which turned left in the detour 

experiment) usually used the right eye when fixating a predator while dextral fish 

preferred the left eye. For the neutral stimulus these ocular preferences were reversed. 

This does not necessarily prove that ocular dominance causes detour behavior or other 

directional preferences because both could be (and in theory should be) separate 

manifestations of neural asymmetry. It merely shows the correlation between a 

directional bias (in response to a stimulus) and the eye used to observe it. Such a 

correlation would make sense for an animal with laterally placed eyes because the 

directional asymmetry preferred could allow the stimulus to be viewed by the preferred 

eye. For example, a fish detouring to the right could view the predator with its right eye. 

 

Evasion Behavior 

 Flight responses offer directional biases similar to detour asymmetries, often with 

particularly robust results. The simplest anatomical manifestation of this phenomenon 

can be found in laterally placed scars (Babcock 1993; Reist et al. 1987). The locations of 

these scars represent failed attempts at predation, denoting the preferred direction to turn 

during escape behaviors. Experiments with living organisms are performed using a 

predator stimulus: often a combination of a model predator and a startling presentation. 

This method has proven to be useful for measuring laterality in fish because the response 

is relatively easy to produce in the laboratory (Bisazza, Cantalupo, Vallortigara 1997; 

Cantalupo, Bisazza, Vallortigara 1995). However, it should be noted that responses to 

naturalistic dummy predators across species may vary due to the possible presence of 

different “releasers” (Bisazza, Facchin, Vallortigara 2000). It is common to see fish in an 
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aquarium startle in response to abrupt movement, or tapping on the glass. This flight 

response is replicated in predator-evasion studies, where the preference to dart one way 

or another is scored, usually with a laterality index. When performing tests for laterality it 

is extremely important to prevent any additional stimuli from affecting the choice of the 

subject. Such preventative measures include uniform lighting, tank structure, sound, and 

positioning of objects near the tank.  

 The first record of population level lateralization in fish was demonstrated by 

Cantalupo et al. (1995) using G. falcatus. Their test apparatus (Figure 1) featured a pulley 

system that allowed them to remotely release their predator model, which swung down 

and struck the side of the tank. The direction of escape was measured many times (across 

different sessions) for each fish. 

 

Fig. 1. Schematic representation of the apparatus for measuring laterality of evasion-response. From 

Cantalupo et al. (1995). 
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The results indicated a clear asymmetry on the population level, but with an odd 

inconsistency. Although subjects tended to escape in one direction, this direction reversed 

during the duration of the study. The subjects began with a statistically significant bias to 

escape rightwards, which was progressively reduced as testing continued. Although a 

leftwards preference was achieved after five sessions for thirteen out of sixteen fish, this 

did not reach statistical significance (by t-test, χ2, and Pearson r correlation) until later. 

This inversion was also confirmed by a highly significant negative correlation between 

the results in the first and last session. Because both mature and juvenile fish were used, 

two additional experiments were performed to compare the effects of age on the direction 

of escape behavior, and the tendency to shift their biases. Age-related changes in 

lateralization have been noted for various animals (Rogers 1991). At first presentation 

there was no age-related difference in the direction of flight. However, adult fish did 

show a stronger bias to escape leftwards with repeated trials, and juveniles had a stronger 

initial (rightwards) bias. The explanation for these age-related and/or experience-related 

shifts in laterality is unclear, but the study does confirm a population-level bias of flight 

response in G. falcatus.  

 This experiment was repeated by Bisazza et al. (1997) using Jenynsia lineata as 

the subjects. J. lineata is an anatomically asymmetrical, live-bearing fish. The 

gonapodium (male reproductive organ) can only be projected to the left or the right 

during mating, depending on the individual. This is associated with asymmetrical mating 

patterns where a male can only mate with a female that features the urogenital opening on 

the side opposite the male’s gonapodium. The procedure of this experiment followed the 

procedure of the first experiment performed by Cantalupo et al. (1995) almost exactly 
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(see page 16), but no further experiments were performed. The results indicate 

lateralization on the individual level, but not on the population level. These data were 

confirmed by subsequent testing. Because there was no evident population level bias, no 

correlations between lateralization and other characteristics (e.g. sinistrality/dextrality of 

reproduction) could be performed. 

 Bisazza et al. (1998) compiled a table to summarize the available evidence of 

functional lateralization in the cold-blooded vertebrates (Figure 2). 

 

 

Fig. 2. Compilation of lateralization data from lower vertebrates. From Bisazza (1998). 

 

The sources of lateral bias are largely neurological asymmetries as opposed to 

asymmetries of the rest of the body. A study of flight responses in tree frogs determined a 

significant bias towards leftward jumps. When this bias was compared to asymmetries in 

leg length, no correlation was found (Bisazza 1998; Dill 1977). In contrast, handedness in 

humans is known to correlate with cerebral hemispheric specialization. Since other 
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animals also exhibit preferences for specialized behaviors, they are likely to possess 

asymmetries in the brain as well. Thus, lateralized flight response of flatfishes should be 

more consistent with neurological asymmetries than with other asymmetries. 

 

3) Flounder Biology and Behavior 

 Pleuronectiformes is one of the most derived orders of fishes. It contains eleven 

families with 572 recognized species (Nelson 1994). They are all laterally-compressed, 

deep-bodied fish which have adapted to a benthic lifestyle by lying flat on one side, with 

both eyes located on the other. The transition of the eye from a symmetrical position to 

the other side of the head occurs early in the larval stage. Chapleau (1993) unites 

Pleuronectiformes by the following traits: cranial asymmetry associated with ocular 

migration, advanced position of the dorsal fin over the cranium and the presence of a 

recessus orbitalis; which allows the eyes to protrude above the body plane and the 

substrate as well (Richards 2006). The exact location of the eye and shape of the skull 

varies with each species, but they are superficially similar.  

The taxonomic distribution of flatfishes is still disputed today. Chapleau (1993) 

asserted that only seven families exist in the monophyletic order, Pleuronectiformes. One 

year later Nelson (1994) organized this group into eleven families. Historically, biologists 

have asserted that the order is of polyphyletic origin for a number of reasons (Chapleau 

1993). This may seem unusual considering the striking differences between 

pleuronectiforms and other teleosts. However, until recently there were no known 

transitional forms between these two conditions. Some scientists suggest this is evidence 

that a drastic migration of the eye could not happen as a gradual process. Instead it must 
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have occurred as a spontaneous evolutionary leap. Friedman (2008) described a new 

genus of flatfish, Heteronectes, the apparent “missing link”. These fossil fish have eyes 

on the opposite side of the head, with one displaced orbit close to the dorsal part of the 

cranium. A similar genus of extinct fish, Amphistium (Figure 3), was discovered over 200 

years ago (Lundmark 2008). For over two centuries these fishes were believed to have a 

symmetrical skull. It wasn’t until Friedman reexamined the fossils that Amphistium was 

described as having asymmetrical eye placement (similar to Heteronectes). 

 

Fig. 3. Reconstruction of Amphistium in the left lateral view showing incomplete orbital migration. The 

foreground represents a sinistral individual and the background represents a dextral individual. From 

Friedman (2008). 

 

The position of the orbits is not the only characteristic which denotes this new 

classification. Both Heteronectes and Amphistium possess fin spines at the base of the 

dorsal and anal fins; a condition which is only found in one extant genus of 
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pleuronectiforms, Psettodes, which has frequently been touted as the most primitive 

living group of flatfishes. These groups share another uncommon trait: indiscriminate 

orbital migration. In most extant species of flatfish there is a strong tendency towards a 

sinistral or dextral morphology. The lack of a directional pattern in primitive 

pleuronectiforms suggests that dominant right-eyed or left-eyed migration is a derived 

quality. Before this discovery, the counterargument against stem flatfishes centered on 

the inference that incomplete eye migration would be maladaptive. The explanation for 

such a counterintuitive condition may be found in living taxa. Some species of flatfish do 

not always lie buried in the sand; instead they lift their heads up by pressing their ventral 

and dorsal fin rays into the substrate. Both Heteronectes and Amphistium have long, 

median-fin rays which may have propped their heads up higher than extant species; 

allowing them to view their surroundings with an uncommon and unknown field of 

vision. Further evidence against maladaptive migration is found in the fossil record. 

These stem flatfishes were excavated from location and geological stage which produced 

other early pleuronectiforms with both eyes located on one side of the head (Friedman 

2008). 

Their flat, asymmetrical condition allows flounders to camouflage with the 

substrate; avoiding detection from predators and prey alike. Flatfishes are fully 

carnivorous. Adults usually feed on both fish and invertebrates, but some species feed on 

invertebrates exclusively. Juveniles begin feeding on zooplankton and gradually accept 

larger prey. The shape of the mouth varies with species, diet, and method of prey capture. 

Many of the larger, piscivorous flatfishes have large mouths capable of producing a 

strong buccal force pump to suck in prey. Additionally, most of these species feature 
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long, pointed teeth for grasping their prey. In particular, flounders of the family 

Paralichthyidae (large-tooth flounders) have needle-sharp teeth for this purpose. In 

contrast, most cynoglossids (tonguefishes) have a small, toothless mouth located on the 

side of their head. This condition suits their typical diet of small invertebrates, and 

sometimes fish eggs. 

Flatfishes occur worldwide from tropical to arctic climates. A number of right-

eyed flounders are known for their ability to produce antifreeze proteins (AFP’s), which 

prevent water in the blood and other tissue from crystallizing in freezing temperatures 

(Scotter et al. 2006). The vast majority of pleuronectiforms are marine, but some inhabit 

brackish and/or freshwater. Most occupy the substrate of coastal waters (less than 200m 

deep), but three families: Bothidae, Poecilopsettidae, and Cynoglossidae have been found 

at depths over 1000m (Richards 2006). The type of substrate preferred depends on the 

species. Some seek sandy or muddy bottoms, others prefer pebbles; some even move 

from one type to another during their lifetimes (Buckley 1989; Fitzhugh, Fable, Trent 

2008). 

Most of the larger pleuronectiforms are sought for their meat, and the biggest 

threat to flounder populations is humans. Flatfishes comprise some of the most lucrative 

commercial and sport fisheries in the world. The commercial winter flounder (usually <1 

foot TL) fishery peaked at 30,000,000 pounds from the five coastal New England states 

alone during the 1980’s, and has steadily declined due to overfishing. In some years the 

recreational catch is reported to have surpassed the commercial catch (Buckley 1989). 

Winter flounder are still commercially and recreationally sought today, as are its larger 

relatives. One of the largest pleuronectiforms, the Pacific halibut, can reach eight feet and 
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over 400 pounds. The International Pacific Halibut Commission (IPHC) reported that the 

2009 international catch limit for these massive fish was about 54,000,000 pounds. In 

contrast, the gulf flounder is medium-sized, but catches rarely exceed 5,000,000 pounds 

per year because they can be difficult to target in numbers (Fitzhugh, Fable, Trent 2008).  

 

Anatomy 

 In addition to the adaptations listed above, flatfishes have other traits that 

complement their benthic lifestyle. The swim bladder is present in the planktonic larval 

condition, but disappears during metamorphosis (Paxton, Eschmeyer, Kirshner 1998). 

Locomotory changes include the elongation of both the dorsal and anal fins. As noted, 

Psettodes is the only extant taxon of flatfish with spines in these fins. The total number of 

myomeres varies from 25 in achirids to 60 in cynoglossids (Richards 2006). Pelvic fins 

are present in all species, but in the family Achiridae it has fused with the anal fin. Most 

species have pectoral fins, which may be rudimentary or well-developed; however they 

are absent in all of the cynoglossids and some members of other families. The achirids 

may have one, two, or no pectoral fins depending on the species. In Cynoglossidae the 

dorsal and anal fins are fused with the caudal fin. These fins are separate in other taxa 

(Nelson 1994).  

 The lateral line is equally developed on both sides in most pleuronectiforms. In all 

members of Samaridae and Poecilopsettidae, as well as some genera from Bothidae and 

Paralichthyidae, the lateral line is only developed on the eyed side of the body. In two 

genera of cynoglossids, Cynoglossus and Paraplagusia, the lateral line may consist of 

several canals on both sides of the body. In the remaining genus, Symphurus, lateral lines 
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are absent on both sides. When present, pleuronectiform lateral line systems are well-

developed for kinetic information (Voronina 2007). The scales of flatfish also vary by 

taxon. Some species only possess cycloid scales (thought to be more primitive in 

pleuronectiforms), but most flatfishes have both cycloid and ctenoid scales. All 

pleuronectiforms have cycloid scales on the blind side. Those that have ctenoid scales 

have them exclusively on the eyed side, or on both sides. The type of scale also varies 

with respect to body region in many flatfishes (Batts 1964). 

 One of the most studied characteristics of pleuronectiform fishes is their 

pigmentation. The blind side of flatfishes is mostly or completely absent of pigment. 

Cunningham (1895) determined that this is partially mediated by the presence or absence 

of light. By illuminating flounder from below, he caused them to slowly produce 

melanophores on their blind sides. Blinded fish also produce melanin on both sides. On a 

white background, flatfish slowly decrease their pigmentation on the eyed side by 

ejecting pigment cells through the skin. This slow adjustment of pigmentation 

concentration is present in many fish, where it is usually symmetrical. Experiments using 

flatfishes on backgrounds resembling checkerboard patterns have demonstrated that 

flounders can harmonize very effectively with a complex substrate pattern, sometimes 

very rapidly (Saidel 1978; Ramachandran 1996). Other studies have shown that flounder 

can also assume color tones similar to their environment. This has only been shown on 

blue, green, yellow, orange, pink, and brown backgrounds. The fish were unable to 

produce red tints (Nicol 1960). 
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Metamorphosis 

 These above mentioned characteristics appear during metamorphosis and are 

absent from the larval condition. All members of Pleuronectiformes are oviparous. Most 

taxa spawn planktonic eggs, but some spawn demersal eggs. Flatfish larvae can be 

distinguished from other larval fish by a number of traits: a symmetrical and compressed 

body, a short and coiled gut, and a dorsally protruding midbrain. Species can often be 

identified based on their melanistic patterns. Upon hatching, fry may be well-developed 

or relatively undeveloped, mostly depending on the size of the egg. Size after 

metamorphosis depends on the species, ranging from a few millimeters to over 120mm in 

the bothid Chascanopsetta lugubris. The duration of the larval stage tends to be relatively 

short and settlement size small among shallow-water species. The opposite is true for 

species living at greater depths. The most striking change in pleuronectiform shape is the 

migration of the eye. This occurs by movement over, or through the cranium (Richards 

2006).  

Schreiber (2006) determined that lateralized swimming and settlement behavior in 

flatfishes is almost completely independent from eye migration. Eggs from Paralichthys 

lethostigma were obtained at 12-24 hours post-fertilization, and were raised until 

metamorphosis was complete. Schreiber observed the axis and direction of tilt over time 

and compared it with cranial development. His assertion was based on the observation 

that lateralized swimming behavior appears and completes before eye migration does. 

The fish exhibited competent lateralized behavior (3-6o tilt) at only 14 days post-

fertilization (d.p.f.), and a full 80-90o by the juvenile stage (30 d.p.f.). Eye migration 

begins at 20 d.p.f. and continues post-metamorphosis, when the fish is a sub-adult (120 
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d.p.f.). P. lethostigma typically exhibits a sinistral condition in the wild, but this only 

occurred in 80% of the laboratory subjects. 16% had dextral morphology and 4% were 

bilaterally symmetrical. 78% of the symmetrical individuals exhibited sinistral behavior 

(with their right side on the bottom) and 22% had dextral behavior; tilting 85-90o despite 

symmetrical eye migration, or lack of migration altogether. Schreiber also noted that 

approximately one individual in 5000 exhibits sinistral morphology and dextral behavior, 

facing its eyed side down against the substrate. These juveniles feed inefficiently and 

typically die early. Left-tilters and right-tilters were separated into different tanks. At the 

end of the study it was found that 100% of each group settled on the side originally 

facing downwards. Metamorphosis is mediated by thyroid hormone in fish and 

amphibians. When P. lethostigma larvae were treated with the thyroid hormone 

triiodothyronine (T3), they tilted and settled quickly with little to no eye migration. T3 

treatment in early pre-metamorphic larvae (7 d.p.f.) induced settling, but without side 

preference. When 14 d.p.f. larvae were treated, they exhibited a clear preference; 

indicating that sidedness develops early in the early larval stage. Other pre-metamorphic 

larvae were treated with methimazole, a thyroid hormone inhibitor. After four weeks of 

treatment, these fish had most aspects of their metamorphosis inhibited (including eye 

migration), but not all of them (i.e. bone mineralization, development of the lateral 

ethmoid bones and right parietal barb, and bilateral frontal bone condensation). These 

fish only swam with a 5-15o tilt, whereas normal individuals exhibited 80-90o at this time. 

This is consistent with the hypothesis that sinistral/dextral morphology and eye migration 

both occur as a result of thyroid hormones, and are independent of each other. 
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Additional asymmetries 

 It is difficult to describe all of the asymmetries associated with the 

pleuronectiform condition. New asymmetries are still being described, and some may not 

be elucidated yet. Skull asymmetries (and certain other asymmetries) are omitted from 

the present paper because they are intricate, and tangential to directional biases. 

However, other asymmetries (particularly neurological ones) are likely to relate to such 

preferences. The shift in eye placement is accompanied by the migration of an optic 

nerve. Usually the optic nerve of the migrating eye is dorsal in the optic chiasm. This 

allows the optic nerve to untwist during metamorphosis. Even in situations of situs 

inversus the migrating nerve is dorsal. A twisting of the optic nerve would appear to be 

disadvantageous; however some taxa are known to have dimorphism in the chiasm. 

Members of Psettodidae, Soleidae, and Cynoglossidae all feature this condition. 

Policansky (1982) grouped these families together, asserting that dimorphic chiasmata 

are associated with a primitive pleuronectiform condition. Although Psettodidae is known 

to be the most primitive pleuronectiform, the other two groups are now considered to be 

more derived members. Double-crossed optic nerves are present in many species when 

situs inversus occurs (Schreiber 2006). The starry flounder, Platichthys stellatus is also 

known to express twisted chiasmata, but only in one population. Approximately 100% of 

the Japanese population is sinistral, while the U.S. population is approximately 50% of 

each enantiomorph (non-superposable, anatomical mirror images). Interestingly, it is the 

dextral individuals which have uncrossing at the optic chiasm; the sinistral fish have 

twisted optic nerves. The prevalence of this condition is perplexing because the majority 

of this species has twisted optic chiasmata. Furthermore, there is little explanation why 
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one condition arose from the other. This evidence seems to refute the idea that twisting at 

the optic chiasm is disadvantageous. Policansky states that there may be a characteristic 

associated with one or both of these conditions that is selective, but not yet discovered. 

He considered it to be an “evolutionary red herring” (Policansky 1982a; Policansky 

1982b). Recently Bergstrom (2007) has discovered that certain traits in the two morphs 

do differ slightly. He found that on average, dextral morphs had longer and wider caudal 

peduncles, shorter snouts, and fewer gill rakers than sinistral individuals. These 

differences were consistent, but averaged less than 5% of the trait size. Snout length and 

shape were consistently different, but the difference depended heavily on sample locality. 

Overall the dissimilarities were greatest in locations where competitive interaction is the 

strongest. In other words, these differences were relatively large in the California 

population (50% sinistral), moderate in the Alaska population (75% sinistral), and low in 

the Japanese population (almost 100% sinistral). This suggests that the two morphs may 

differ in swimming and foraging performance. The divergence is presumably caused by 

competition, with polymorphism offering a unique balance between lifestyles and 

locations. Despite this evidence, it is still unclear whether polymorphism is evidence of 

speciation in progress. 

 There is considerable evidence that ocular dominance is associated with 

behavioral lateralization (see page 12). Asymmetry in the visuomotor pathways, another 

sign of ocular dominance, has also been investigated as a cause/product of anatomical 

pleuronectiform asymmetry. Luckenbill-Edds and Sharma (1977) mapped the retinotectal 

projections of the winter flounder (P. americanus), a dextral fish. They found that even 

though the left optic nerve was 36% shorter than the right, the distribution of retinal 
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afferents to the tectum is symmetrical and similar to other teleosts. They also confirmed 

that optic information crosses completely at the chiasm, and no visual responses were 

evoked in the ipsilateral tectum. This may be due to a large field of vision (>180o for each 

eye), overlapping 30o in front of the fish when the eyes are relaxed. Such an overlap is 

not uncommon for predatory fish, but only when the eyes are focused forward (Collin 

and Shand 2003; Luckenbill-Edds and Sharma 1977). 

 Gross asymmetry in the olfactory organs of pleuronectiforms is consistent 

throughout the order. In general, the organ on the blind side is atrophied, having less 

volume and lamellae than the ocular side. In winter flounder (Rao & Finger 1984) the 

right olfactory bulb is oblong and has roughly three times the volume of the left bulb 

(spherical). It also contains approximately twice the lamellae of the left bulb. The right 

olfactory nerve is almost three times the diameter of the left nerve. The ipsilateral 

projections are heavier than the contralateral for both bulbs, which project to identical 

areas of the telencephalon. However, the projections from the right olfactory bulb are 

more extensive and dense than the projections from the left. Additionally, the 

ventromedial and dorsomedial olfactory tracts arising from the right bulb are larger than 

those from the left. The fiber bundles passing through the anterior commissure are 

asymmetrical. The bundle from the left telencephalon to the right telencephalon is thinner 

than fiber bundle moving in the opposite direction. The former possesses loosely 

arranged fibers, while the latter has a compact fiber arrangement. The volumes of the two 

side of the telencephalon are also slightly different, with the right side being 

approximately 8% larger than the left. These differences translate to the left 

telencephalon receiving approximately equal input from each of the bulbs, while the right 
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telencephalon receives about three times the volume of input from the right bulb than 

from the left. In virtually all other teleosts the majority of the olfactory input for each 

bulb is transmitted to the ipsilateral telencephalon. It is unclear as to whether these 

asymmetries are due to an asymmetry in postmetamorphic growth, differential cell death, 

or competition between projecting axons for newly generated synaptic sites in the 

telencephalon (Rao and Finger 1984). 

 Asymmetries in the hindbrain (Meyer, Seydlitz-Kurzbach, Fiebig 1981) and 

otoliths (Helling et al. 2005) have also been noted. Though only examined in two species, 

the utricular otoliths of the blind side were always heavier than the ocular side. Saccular 

otoliths may be larger on the blind side as well, but do not appear to be in all species of 

flatfishes.  

The inheritance of pleuronectiform asymmetries is shrouded in dispute. 

Policansky (1982) has argued strongly for genes responsible for both dextrality and 

sinistrality, while Morgan (1991) has continued to argue against it. Policansky bases his 

assertions on the idea that laterality (for the most part) is species-specific. Chirality 

appears to be consistent in different families and may be grounds for speciation, 

especially regarding starry flounder. His work focused on cross-breeding sinistral and 

dextral P. stellatus from the two different populations and looking for the distribution of 

each condition in the resulting offspring. His findings do display some genetic control, 

but it is unclear whether the male or female has more influence, and whether these genes 

specifically code for dextrality or sinistrality. Morgan criticizes Policansky for his low 

sample size, consisting of four females and nine males, which Policansky acknowledges 

as a weak point. In the past, Morgan has been skeptical of genetic influence on laterality, 



31 
 

but he has since conceded to the presence of some control. He argues that laterality at the 

species level may be associated with a specific allele, with the other indeterminate. If 

both parents are homozygous for the neutral allele, the laterality of the offspring will not 

be determined genetically, causing it to be either dextral or sinistral. This dispute was 

waged for years until both authors stopped publishing on it (McManus 1984). 

Postural Controls 

The 90o orientation of flatfishes raises a number of questions about sensory 

contributions to posture. Platt (1973) describes postural orientation as “an integrating 

action in which the nervous system produces a coordinated, directed muscular output in 

response to diverse peripheral sensory input from many modalities, including gravistatic 

sense, vision and touch. Even a single modality, such as gravistatic sense, may involve 

more than one receptor organ.” Platt sought to examine the capabilities of the 

pleuronectiform peripheral systems involved in posture. This investigation tested the 

roles of touch, vision, and gravitational sense by applying different stimuli to a flatfish 

restrained to a board. The board was rotatable (much like a spit), and placed in a water-

filled cylinder for observation (Figure 4).  
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Fig. 4. Rotational apparatus designed to measure the response to posture in flatfishes. From Platt (1973). 

 

The angle between the eyes at a given degree of rotation (in the presence of a stimulus) 

was used to quantify data. Platt’s results concurred with the previous observation that 

specific otoliths are responsible for much of the behavioral response to tilt. 

 The otolith organs are organized into three bilaterally symmetrical pairs: the 

utriculi, the sacculi, and the lagenae. When in the normal upright position, the utriculi of 

most vertebrates contain horizontally-lying otoliths. In contrast, each sacculus and lagena 

contains an otolith lying vertically on its edge. In this case the utriculus is almost 

exclusively responsible for gravity-based posture, though the other organs are very 
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capable of responding to tilt. These structures do not migrate during pleuronectiform 

metamorphosis; their positions are all shifted 90o with the rest of the body. The results 

found in part I of Platt’s study indicate that flatfish have not developed any special tactile 

or proprioceptive mechanisms for detecting tilt. He also notes that vision may contribute 

to ocular compensation, but it does not appear to be necessary. This was based on the 

observation that neither vinyl caps glued over the eyes, nor the direct application of 

carbon black to the eyes abolished the response, though they did lessen it. His remaining 

results indicate a necessity of the otolith organs for the postural orientation of 

pleuronectiforms. Tilt responses are stimulated by shearing force on the sensory 

epithelium by the otoliths, not pressure. When the cilia of the sensory receptors flex from 

tangential movements of the overlying otolith, the sensory cells either become 

depolarized or hyperpolarized, depending on the direction. The 90o shift in otolith 

orientation has caused a corresponding shift in otolith function. By removing each pair of 

otolith organs individually, Platt observed that the utriculus, normally the primary otolith 

for postural orientation in vertebrates, is no longer primary in flatfishes. In contrast, the 

sacculus-lagena is both necessary and sufficient for the ocular compensation response. 

(The sacculus and lagena are grouped together because they were impossible to surgically 

separate without causing obvious damage to both.) This is understandable because the 

function of these organs shifted along with the planes of their otoliths. The results 

indicate that the sacculus-lagena is the dominant postural organ in flatfishes, and the 

utriculus is secondary. He concluded that the non-vertical organ is the postural 

determiner in vertebrates because a vertical epithelium cannot distinguish tilt to one side 

of the vertical from tilt to the other. This was based on the idea that magnitude of the 
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downward shear would change, but not the direction unless factors other than tangential 

shear are effective. Subsequent studies have demonstrated that in the winter flounder (P. 

americanus) and the summer flounder (Paralichthys dentatus) loss of utricular function 

was much more detrimental to swimming behavior than saccular function (Helling et al. 

2005). Platt also noted that sacculus function is bilaterally symmetrical in flatfishes. By 

removing each of the saccular otoliths, he found that changes in postural orientation 

related to the side of lesion. This is intriguing considering the recent observation that the 

masses of the saccular otoliths are different in pleuronectiform fishes (Helling et al. 

2005). Even so, Platt found that although the eyes do not receive equal input from the 

otolith organs of each side, the contribution of one side to the movements of the two eyes 

is symmetrical for both inputs. Platt also observed that the primary afferent types from 

the otolith organs are similar to those of other vertebrates. From this he concluded that 

peripheral units do not cause the resetting of postural reflexes; instead a central source 

was believed to account for postural changes.  

The next step was to investigate possible specialization among the otolith organs. 

In many fishes, specific otoliths are specialized for vibration alone, and others sense both 

vibration and tilt (Lowenstein 1971). Platt hypothesized that “If one branch showed a 

markedly greater vibration-sensitive population than the other, specialization of that 

organ for vibration would be suggested, with concomitant reduction in its central 

representation for tilt response.” He noted that his small sample size didn’t allow him to 

make broad generalizations, but the anterior branch from the utriculus did contain 

relatively more units exclusively sensitive to vibration than the sacculus-lagena. This 

could relate to its decreased function in the postural orientation of flatfishes.  
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Although the otolith organs do not rotate in the skull, their final resting position is 

not perfectly horizontal. Instead they lie at a non-zero shear in the normal position. The 

presence of a null-response at a non-zero shear is only shared by one other type of fish: 

the freshwater “headstanders” who normally angle their bodies approximately 45o from 

the horizontal (Braemer and Braemer 1958). However, these fish have utriculi positioned 

parallel to each other and are subject to bilaterally symmetrical non-zero shear. In 

contrast, the sacculi of flatfishes are angled differently, subjecting them to opposite non-

zero shear forces when the fish is in the normal position (Platt 1973a). 

 Part II of Platt’s study investigated the optic-vestibular relationship of gravistatic 

input. Platt placed his subjects in the same cylinder and presented them with two different 

light stimuli: a focused beam and a “horizon” created by placing a rotatable, half-black, 

half translucent cylinder around the cylindrical tank. He also attempted to stimulate the 

tectum electrically. With this experiment he was able to determine two things: first, that 

optic stimuli can influence postural responses (in adults); and second, that an efferent 

pathway exists from the tectum to the otolith organs, modifying peripheral gravistatic 

neural function. Neural potentials were induced in the vestibular nerve (cranial nerve 

VIII) during tectal stimulation. This indicates that tectal stimulation can alter tilt-

responding vestibular units. The visual stimuli were also found to affect postural 

response. The ratio of the optic to vestibular component varies widely in fishes (von 

Holst 1950). Platt’s results imply that the optic contribution in flatfishes is ≤ 20%, and 

the otolith contribution is ≥ 80%, falling into the typical range for fishes. He also found 

that the postural orientation response toward directional light is most likely not a simple 

telotactic comparison of light intensity between the two eyes. When the beam of light 
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was focused into one eye with the other dark, it produced less of a response than the 

horizon cylinder. He inferred that the cylinder was an effective stimulus because the light 

is diffuse over a large visual angle, as skylight would be in turbid or deep water. Since 

gravistatic and visual input can be peripherally integrated, he asserts the plausibility of a 

larger visual role in the metamorphic postural change of flatfish: i.e. adjusting tilt with 

respect to the horizontal visual field (Platt 1973b). Later evidence (Graf and Baker 1983) 

has demonstrated that the vestibulo-ocular relationship in flatfish is facilitated by unique 

structures of the central nervous system. Postmetamorphic individuals possess 

connections between the secondary (horizontal) semicircular canal neurons and the 

vertical eye muscle motoneuron pools on both sides of the brain. These pathways are not 

known to exist in any other vertebrate. 
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 Methods 

Permits 

 An aquatic collection permit was obtained from the Florida Marine Science 

Educator’s Association in December 2007. This valid permit allowed for the collection of 

wild P. albigutta (sinistral) from Florida waters. An IACUC protocol was also issued for 

this study. 

 

Subjects  

Though it is difficult to quantify the amount of environmental stress an organism 

has experienced, the possible impact of reduced heterozygosity on fluctuating 

asymmetries was kept to a minimum by using wild-caught subjects (See discussion in 

Bisazza 1998).  

 

Gulf Flounder, P. albigutta:  

Eleven Gulf flounder were collected from the shores of Sarasota Bay and the Gulf 

of Mexico. All specimens were caught with fishing tackle during authorized FMSEA 

collections. Collection attempts began in late August, but did not yield any flounder until 

November. Two specimens were caught during a collecting trip at New Pass in Sarasota 

Bay by the students in the Aquarium Science course. The remaining nine individuals 

were obtained during early morning trips (sunrise to 9 a.m.) to Manatee Beach. Other 

locations tried (without success) include South Lido Beach, and the waters surrounding 

New College. Captured subjects were quickly transferred to a rectangular 900 gallon tank 

in the Pritzker Marine Laboratory using coolers and battery-powered aerators. The fish 
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were maintained at a constant 20o ± 2o C in this tank throughout testing. The salinity was 

30-34‰. The fish were fed three times per week during the afternoon. The diet included 

shrimp, squid, and sardines. Subjects began feeding approximately two weeks after 

capture, and did not cease until they showed signs of illness. An outbreak of disease 

caused the eventual deaths of five gulf flounder. The pathogenic analysis can be found in 

Appendix A. This left a sample size of six fish to be tested, with Total Length (TL) from 

7” – 14”. Subsequent collections yielded no additional subjects due to a prolonged winter 

and the presence of dolphins. 

 

Winter Flounder, P. americanus: 

 Twelve winter flounder were ordered from the Marine Resources Center at the 

Marine Biological Laboratory in Woods Hole, Massachusetts. Specimens were 

temperature acclimated at MBL from 0o C to 15o C, then shipped (with cold packs) in 

early January. Upon arrival subjects were transferred to a 600 gallon, circular tank 

containing a layer of washed sand from the bay. The fish were maintained at a constant 

14o ± 2o C in this tank until testing, when these fish were switched with the flounder in 

the other tank. The salinity was 30-34‰. The fish were fed three times per week during 

the afternoon. The diet consisted of shrimp and squid. Subjects began feeding 

approximately one week after delivery. Four of the fish died shortly after arrival, 

indicating problems related to shipping and handling. These casualties resulted in a 

sample size of eight healthy fish with TL of 9” – 13”. Necropsy information for P. 

americanus can also be found in Appendix A. No additional subjects were purchased. 

 



39 
 

Materials 

 When the health of each species stabilized, each individual was marked using 

Visible Implant Elastomer (VIE) ordered from Northwest Marine Technology, 

Incorporated. The mixed elastomer was injected subdermally, producing a fluorescent 

mark in the desired location. A detailed description of the tagging process can be found in 

Appendix B. 

Three different pilot studies were used to determine the most effective method of 

measuring laterality. These techniques are described in Appendix C. These trials resulted 

in the testing of subjects within their holding tank. The tank was subdivided in half with 

egg crate. All specimens were confined to one half of the tank, with the other half 

containing a Y-maze (Figure 5) constructed from polyvinyl chloride (PVC) sheets. 
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Fig. 5. Schematic representation and photograph (respectively) of the holding/testing tank used to 

measure laterality 

 

An entry was cut into the egg crate to allow the fish to enter the maze (from the left side 

of Figure 5) during testing. An extra piece of egg crate denied entry between tests. 

Diagonal barriers were added to channel subjects into the maze. The measurements of the 

maze were bilaterally symmetrical, but the lighting present in the room was not. The 

immovable tank was located at the far end of a room, next to a window. The blinds on the 

window were always closed, but the majority of the light came from the room’s fixtures; 

which were opposite the side containing the drain. 
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 A predator model was employed to encourage subjects to swim through the maze. 

Flounders have a reduced C-shape Mauthner cell response (Zottoli 1981), making flight 

responses more difficult. Fish would not always swim through a side of the maze 

completely, and the model could not enter very far. Specimens seemed to respond more 

strongly to large, wide models as opposed to smaller ones (even when prodded with 

them). Because of this, the first successful model crudely resembled a hammerhead shark 

(Figure 6), a common predator of tropical flounders. 

 

Fig. 6. “Hammerhead” model used to evoke the flight response. 

 

Though the natural range of winter flounder does overlap with certain hammerhead 

sharks (family Sphyrnidae), hammerheads are not their primary predators. Instead, 

another model was created for this species, made to resemble one of their common 

predators: the spiny dogfish. However the first model yielded a stronger response than the 

dogfish model, so it was retained as the predator model for both species. 
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Procedure                  

 Specimens of P. albigutta were tested first. The barrier blocking entrance to the 

maze was removed. The fish were then individually startled/ushered into the maze using 

the “hammerhead” stimulus. The direction of exit was recorded for each individual, 

provided that they proceeded past the fork. Trials where the subject entered the maze but 

did not reach the fork were omitted. After testing, subjects were allowed to rest for at 

least one hour prior to further testing. The duration of a set of trials was under half an 

hour. All sessions took place in the afternoon. The operator of the model stood in the 

center of the tank on the left side of the diagram. The “fish spotter” stood at the right-

front corner of the diagram, but out of view of the fish exiting from the right fork. The 

angle at which subjects entered the maze was not recorded, as the entrance to the Y-maze 

required them to move through a straight section. Data obtained from G. falcatus by 

Cantalupo et al. (1995) also suggest that lateral biases in flight response could overcome 

postural biases at the time of stimulus presentation. 

 Each fish was tested nine times because an odd number of sessions would display 

a superficial preference. After testing was completed for P. albigutta, the two species of 

flounder were switched, so that P. americanus could be tested. This change occurred 

when the two tanks were within 3o C of each other. 

 

Data Analysis  

Data were analyzed using a laterality index for rightward escapes vs. leftward 

escapes: [(R – L) / (R + L)] × 100. The magnitude of the value denotes the strength of 

preference, and the sign represents the direction. Positive values correspond to a 
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rightward bias and negative values correspond to a leftward bias. Contingency tables 

were produced for the first five runs (1-5), the second five runs (5-9) and on the nine total 

runs. Fischer’s exact test was utilized to determine if the preferences differed from 

chance. Fischer’s exact tests used α = 0.05 to determine significance. 

 

 

Results 

 Of the six gulf flounder tested, only five individuals produced enough runs to be 

included in the overall analysis of preference. The smallest individual (7”) was frequently 

“lost in the maze”, so its runs were omitted from the analysis. These data compare five P. 

albigutta to eight P. americanus. 

 

Gulf Flounder, Paralichthys albigutta 

 The direction chosen in by each fish for each run is shown in Table 1, as well as 

their totals. The percentages of fish that escaped rightwards during each session are 

displayed in Figure 7. A slight rightward bias was found in gulf flounder specimens. The 

bias appeared to shift from rightwards to leftwards as runs were continued. This inversion 

is consistent with the results of the similar experiment by Cantalupo, Bisazza, & 

Vallortigara (1995). 
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Fish Run #1 Run #2 Run #3 Run #4 Run #5 Run #6 Run #7 Run #8 Run #9 Total
A  13" L R R R R L L L R 5R, 4L
B  11" R R R L R L L L L 4R, 5L
C  14" R R L R L R L L L 4R, 5L
D  10" R R R R L L R R R 7R, 2L
E  10" R R R R L L L R R 6R, 3L
F*  7" R R N/A N/A N/A N/A N/A N/A N/A
Total 4R, 1L 5R, 0L 4R, 1L 4R, 1L 2R, 3L 1R, 4L 1R, 4L 2R, 3L 3R, 2L
Cumulative 4R, 1L 9R, 1L 13R, 2L 17R, 3L 19R, 6L 20R, 10L 21R, 14L 23R, 17L 26R, 19L  

Table 1. Direction chosen by each gulf flounder during each run. The two runs obtained for fish F were 

omitted from the totals and analyses. 
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Fig. 7. Percentages of rightward escapes of gulf flounder in the various sessions. 

 

The laterality indexes of each fish for all nine runs are represented in Table 2. As 

mentioned before, the index changes with respect to the number of stimulus 

presentations. Although this reduces the influence of the initial response on the data 

(damping effect), it should be noted that the mean value is positive; indicating a 

rightward initial bias. The shift in preference by run for all fish is evident from Table 3. 
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These data accurately depict a shift in directional preference, as the values are mostly 

positive (right) in the first half of the sessions, and negative (left) in the second half. 

Index by Fish 

A B C D E Mean 

11.1 -11.1 -11.1 55.6 33.3 15.6 

Table 2. Laterality index for each gulf flounder across all sessions. 

 

Index by Run (All Fish) 

Run 1 2 3 4 5 6 7 8 9 

Per Run 60.0 100.0 60.0 60.0 -20.0 -60.0 -60.0 -20.0 -20.0 

Table 3. Laterality index for all gulf flounder in the various sessions. 

 

The shift in overall strength of preference is represented by Figure 8. A laterality index 

was performed on the cumulative data in Table 1. In other words, the first run has a 

cumulative index of only the first run; while the second run encompasses the data from 

runs one and two. As this continues, the “damping” of the bias becomes increasingly 

visible. All of these values are positive, representing the previously mentioned net 

preference towards the right. 
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Fig. 8. Laterality index based on the cumulative data at each run for all gulf flounder (Table 1). 

 

Winter Flounder, Pseudopleuronectes americanus 

The direction chosen by each fish for each run is shown in Table 4, as well as 

their totals. The percentages of fish that escaped rightwards during each session are 

displayed in Figure 9. A slight leftward bias was found in winter flounder specimens. The 

bias appeared to shift from leftwards to rightwards as runs were continued. This inversion 

is consistent with the results of the similar experiment by Cantalupo, Bisazza, & 

Vallortigara (1995). 
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Fish Run #1 Run #2 Run #3 Run #4 Run #5 Run #6 Run #7 Run #8 Run #9 Total
A  11.5" R L L R L R R L R 4L, 5R
B  12.5" L L L L R L L R L 7L, 2R
C  10.5" L L L R L R L R R 5L, 4R
D  8.5" R L L L L L L L R 7L, 2R
E  12" L L L R R R L R L 5L, 4R
F  11.5" L R R L L R L R R 4L, 5R
G  12" L L R L L R R L R 5L, 4R
H  12" L L R R R L L L R 5L, 4R
Total 6L, 2R 7L, 1R 5L, 3R 4L, 4R 5L, 3R 4L, 4R 6L, 2R 4L, 4R 2L, 6R
Cumulative 6L, 2R 13L, 3R 18L, 6R 22L, 10R 27L, 13R 31L, 17R 37L, 19R 41L, 23R 43L, 29R  

Table 4. Direction chosen by each winter flounder during each run. The two runs obtained for fish F were 

omitted from the totals and analyses. 
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Fig. 9. Percentages of rightward escapes of winter flounder in the various sessions. 

 

The laterality indexes of each fish for all nine runs are represented in Table 5. As 

mentioned before, the index changes with respect to the number of stimulus 

presentations. Although these data are dampened as well, it should be noted that the mean 

value is negative; indicating a leftward initial bias. The shift in preference by run for all 
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fish is evident from Table 6. These data accurately depict a shift in directional preference, 

as the values are mostly negative (left) in the first half of the sessions, and less-negative 

in the second half. 

 

Index by Fish (All Runs) 

A B C D E F G H Mean 

11.1 -55.6 -11.1 -55.6 -11.1 -11.1 11.1 -11.1 -16.7 

Table 5. Laterality index for each winter flounder across all sessions. 

 

Index by Run (All Fish) 

Run 1 2 3 4 5 6 7 8 9 

Per Run -0.500 -0.750 -0.250 0 -0.250 0 -0.500 0 0.500 

Table 6. Laterality index for all winter flounder in the various sessions. 

 

The shift in overall strength of preference is represented by Figure 10. A laterality index 

was performed on the cumulative data in Table 4. As the sessions continue, the 

“damping” of the bias becomes increasingly visible. All of these values are negative, 

representing the previously mentioned net preference towards the left. 
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Fig. 10. Laterality index based on the cumulative data at each run (Table 4). 

 

Correlation 

 When the cumulative scores for leftward and rightward escapes after each run is 

compared for both species, the data correlates to their chirality (Figure 11). 
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Fig. 11. The cumulative indexes for all subjects of each species. Sinistral P. americanus are represented by 

the blue line (negative, leftwards), and dextral P. albigutta are represented by the red line (positive, 

rightwards). 

The trends of these plots are roughly reflections of each other in the x-axis. This 

phenomenon suggests that sinistral and dextral pleuronectiforms have opposite lateral 

biases. Contingency tables including both species were produced for three intervals: 

sessions 1-9, sessions 1-5, and sessions 5-9. Fisher’s exact test was utilized to determine 

statistical significance for preference with respect to chirality. These tables can be found 

in Appendix D. Using the α = 0.05 criterion, significance was determined for the initial 

biases (sessions 1-5) of both species. The data from runs 5-9 and 1-9 were not statistically 

significant. 
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Discussion 

 These data support the hypothesis that the direction of behavioral lateralization is 

correlated with chirality in Pleuronectiform fishes. Despite the small sample size and 

number of trials, lateralization indexes and contingency tables imply the lateralization of 

escape behavior in P. albigutta (sinistral) to be rightwards, and P. americanus (dextral) to 

be leftwards. It is unclear from these two species whether these preferences diverged with 

respect to condition, or some evolutionary divergence. Because of the unusual 90o shift in 

Mauthner cell orientation; their influence on the direction of flight is negligible. Thus it is 

likely that this difference is a product of lateral telencephalic dominance possibly related 

to ocular dominance. These population level biases are consistent with previous evidence 

of lateralized flight responses at the population level in fishes.  

Consistency 

Both the handedness indexes and nonparametric Fischer’s exact tests indicate 

opposite directional preference in P. albigutta and P. americanus. The presence of 

laterality in flatfishes is consistent with the observation of population-lateralized feeding 

response in P. stellatus (Bergstrom and Palmer 2007). Although these biases may have 

resulted from factors other than chirality, the consistency of testing methods between the 

two species implies that this phenomenon persisted without noticeable influence. The 

differences in data did not appear to be affected by testing frequency. This may reflect 

that lateralized flight responses are well-conserved in the presence of stress. Furthermore, 

the data for winter flounder C (which died the day after testing was complete) were not 

particularly unusual. If the data for this fish are removed, then the Friedman test no 

longer yields any significant results. In order for this to be significant with less than eight 
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fish, every individual would have to possess the same superficial preference. This was the 

case in gulf flounder subjects for sessions 1-5. 

Though the data did not indicate population-level preference for the total number 

of runs, the initial preferences were significant at the α = 0.05 criterion. This diminishing 

trend is consistent with previous observations (Cantalupo, Bisazza, Vallortigara 1995). It 

is hypothesized that this shift in directional preference is attributed to a learning 

phenomenon; however this is the first evidence of lateralized predator-evasion behavior 

in fishes relating to such obvious anatomical asymmetry. The only prior study testing 

such a correlation indicated a lack of population level preference in the asymmetrical 

fish: J. lineata (Bisazza, Cantalupo, Vallortigara 1997).  

 

Evasion behavior 

 The presence of a lateralized escape response (on the population level) in 

pleuronectiform fishes implies that it is more beneficial than detrimental (Vallortigara 

2006). This may relate to their intermediate form of social structure, although 40% of 

“less gregarious” fishes also display lateralized behaviors at the population level (Bisazza 

et al. 2000).  

 Weaknesses of the present study should be addressed in future experiments by 

making a number of changes. First, a larger sample size should be used in conjunction 

with more trials. Second, the timeline for administering tests should be more consistent. 

More attention should also be paid to the uniformity of external factors, such as lighting 

and geometrical features in the tank. The side containing the maze and the side 

containing the subjects should be switched halfway through testing, but this was not 
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feasible because the tank was flush against a wall. Fish should have also been tested 

again after a long break to determine any interaction between the results and testing 

frequency. A more realistic model could be used, though this may not increase a response 

if avoidance of a model is learned.  

While most of the testing conditions were constant for both species, it should be 

noted that winter flounder are more sensitive to high temperatures and may have 

experienced heat-related stress. Knowing that the flight response of winter flounder could 

not be induced in the presence of substrate, the substrate should be absent for both 

species. The general lack of cooperation of pleuronectiforms is evident in other studies 

designed around conventional fishes. Platt (1973b) implies that his apparatus was a 

product of trial and error. He states: “Flatfish could not be induced to swim in a water 

current to test for the dorsal light reflex; instead, ocular compensation to lateral tilt was 

used to test visual influences”. These pitfalls should be accounted for when considering a 

tentative timeline for behavioral experiments involving pleuronectiform fishes. 
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 Appendix A: Necropsy Information 

 

Paralichthys albigutta  

 Approximately one month after capture (during winter break), the gulf flounder 

stopped eating. One specimen died during this time. After the break, the fish were 

exhibiting obvious problems; most notably they had red patches all over their bodies and 

appeared to have difficulty breathing. Chelated copper was added to treat possible 

pathogens. Within the following week another individual died, and the others showed no 

signs of improvement. The copper was removed with activated carbon to decrease 

unnecessary stress on the fish. The third fish to die (Figure 12) was found on the floor 

next to the tank. Leaping out of the water is uncharacteristic of flatfishes, so a necropsy 

was performed to elucidate possible problems. The necropsy revealed that the red patches 

were raised and bleeding, indicating an opportunistic bacterial skin infection. 
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Fig. 12. Third P. albigutta to die. Found on the floor recently after death. Bloody patches are present on the 

skin. 

 In the buccal cavity, three parasitic copepods were found. Commonly referred to 

as “fish lice”, these parasites appear to be of the family Ergasilidae. Two females were 

found embedded in the oral tissue with their pairs of egg sacks trailing outwards (Figure 

13).  
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a.   

b.  

Fig. 13. (a) Female parasitic copepods (presumed to be of the family Ergasilidae) in the oral cavity of P. 

albigutta.  (b) Magnified parasite found in the oral tissue of P. albigutta. The long, paired structures contain 

eggs. 
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A male parasite of the same species (Figure 14) was found resting on top of the oral 

tissue.  

 

Fig. 14. Male parasitic copepod found in the buccal cavity of P. albigutta. The image on the left is a dorsal 

view and the right is ventral. 

 

The females of this species embed themselves in the tissue and produce eggs. Free-

swimming males may also feed on fish, but primarily seek them to fertilize the eggs of 

the females (Abdelhalim, Lewis, Boxshall 1991). The next specimen to die had seven of 

these females in its mouth. The necropsy also revealed an aggregation of egg-like objects 

in the pericardium (Figure 15). Video taken with a microscope revealed that their 

contents were moving. 
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Fig. 15. Egg-like aggregation found in the pericardium 

 

No necropsy was performed on the fifth fish to die because its symptoms were consistent 

with the previous deaths. For the remaining fish, freshwater baths were the most-

successful technique in combating these pathogens. These subjects regained their health 

and resumed eating within one month of the first death. 

 
 
 

Pseudopleuronectes americanus 
 

Necropsies were performed on all four winter flounder that died prior to testing. 

Some of the fish expressed anoxia damage from shipping and handling upon arrival. This 

damage manifested itself as vertigo, swimming at the surface, or failure to bury in the 

substrate. The intention of these necropsies was to determine whether pathogens or 

anoxia were responsible for these deaths. Two individuals died within three days of 

delivery, indicating anoxia as the probable cause. Their necropsies revealed no obvious 

pathogens. A number of individuals arrived with the same bacterial skin infection 

described for the other flounder. Opportunistic infections often occur during the shipping 

and handling of fish. This is the presumed cause of fatality for the third and fourth of the 
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dead winter flounder (within ten days of shipping). Their necropsies did not reveal any 

additional pathogens. The overall health of the remaining fish stabilized within two 

weeks and persisted through the study. 
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Appendix B: Tagging Methods 

 

 Visible Implant Elastomer (VIE) has been used to tag (Bonneau et al. 1995) a 

variety of different animals in empirical studies. When mixed with the curing agent, the 

colored elastomer hardens within 24 hours. Out of the ten available colors, six of them 

react in the presence of UV light. Pink was selected for its notable contrast to all possible 

flatfish color morphs. Prior to injection, subjects were lightly anesthetized with 1:15,000 

Finquel (MS-222). These fish were then placed on wet cheesecloth to prevent them from 

sliding on the table. The needle of the 1cc syringe was inserted along the inner contour of 

the skin (Figure 16).  

 

Fig. 16. Injection of VIE in P. albigutta. 

The plunger was slowly pressed as the needle was drawn out, producing a visible pink 

mark under the skin (Figure 17). 
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Fig. 17. A specimen of P. albigutta moments after tagging. The tag can be found in the center of the yellow 

circle. 

Though the mark is visible to the naked eye, it is more evident in the presence of a 

blacklight (Figure 18). 

   

Fig. 18. A submerged gulf flounder illuminated by UV light. The tag can be found in the center of the 

yellow circle. 

The time required to tag an anesthetized fish was approximately one minute. Subjects 

were revived by placing them back into the tank and gently rocking them to facilitate 
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water movement over the gills. One trial pack of VIE contained more than twice the 

elastomer required for this experiment. This is the smallest quantity that Northwest 

Marine Technology, Inc. offers. The tags did not appear to affect any subjects. None of 

the tags were lost during any part of the study. 
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Appendix C: Pilot Experiments 

 

 The three pilot experiments tested were termed trial-α, trial-β, and trial-γ 

respectively in chronological order. Because these trials were run soon after the winter 

flounder arrived, they were carried out using gulf flounder. A feeding response was not 

attempted because not all of the fish fed very actively before the end of the experiment. 

Trial-γ was the first to produce results, so it was selected for the present study. Because 

of this it is omitted from this appendix. The procedure from trial-γ can be found in the 

methods section. 

 

Trial-α 

This experiment featured an external tank for testing. The tank was (crudely) arranged to 

form a Y-maze using buckets and bent sheets of epoxy (Figure 19). 

 

Fig. 19. Pilot testing apparatus used in trial-α. 

Subjects were to be tested one at a time. A single fish was placed in the tail of the Y-

maze, which was blocked off from the rest of the tank by a translucent barrier. After a 30 
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minute rest period, the barrier was removed and testing began. A number of objects were 

used to initiate a flight response, including a fishing rod, an oar, and a hand. None of 

these stimuli were sufficient, and the fish would move no more than 12” without burying 

in the sand. This test was repeated on a number of days at various times with no change 

in response. 

 

Trial-β 

In the event that trial-α failed due to the stress of transport, trial-β allowed for testing in 

the subjects’ respective tanks. This experiment used the end of a fishing rod to apply light 

pressure to the anterior part of the fish. The rod was placed under (roughly) the middle of 

the head. The head was lifted slightly as the rod slid underneath the fish. The direction of 

rotation to avoid this stimulus was to be recorded for each individual. However, the fish 

were more likely to ignore the stimulus until they eventually slid down one side of the 

rod. Also, the asymmetrical placement of the mouth may have added noise to the data. 
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Appendix D: Contingency Tables 

 

Contingency tables including both species were produced for three intervals: sessions 1-9 

(Table 7), sessions 1-5 (Table 8), and sessions 5-9 (Table 9). Fisher’s exact test was 

utilized to determine statistical significance for preference with respect to chirality.  

 

 P. albigutta P. americanus Total 

Frequency Right 26   (22%) 43   (37%) 69     (59%) 

Frequency Left 19   (16%) 29   (25%) 48     (41%) 

Total 45   (38%) 72   (62%) 117   (100%) 

Table 7. Contingency table produced for sessions 1-9. 

 

The two-sided P value is 0.8491, which is not statistically significant. The row/column 

association is also not significant. The null hypothesis that these values do not differ from 

chance is accepted. This includes all of the runs, and the damping effects associated with 

repetitions. 

 

 P. albigutta P. americanus Total 

Frequency Right 19   (29%) 13   (20%) 32     (49%) 

Frequency Left 6     (9%) 27   (42%) 33     (51%) 

Total 25   (38%) 40   (62%) 65   (100%) 

Table 8. Contingency table produced for sessions 1-5. 
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The two-sided P value is 0.0009, which is extremely significant. The row/column 

association is also statistically significant. The null hypothesis that these values do not 

differ from chance is rejected. This includes the first half of the runs, emphasizing the 

initial strength and direction of the bias. It lacks the damping effects associated with 

repetitions. 

 

 P. albigutta P. americanus Total 

Frequency Right 9     (14%) 19   (29%) 28     (43%) 

Frequency Left 16     (25%) 21   (32%) 37     (57%) 

Total 25     (38%) 40   (62%) 65   (100%) 

Table 9. Contingency table produced for sessions 5-9. 

 

The two-sided P value is 0.4439, which is not statistically significant. The row/column 

association is also not significant. The null hypothesis that these values do not differ from 

chance is accepted. This includes the second half of the runs, primarily representing the 

damping effects associated with repetitions. 

 

 

 

 

 

 

 

 


