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Chapter I 

Introduction 

 

Lateralization occurs when the left and right sides of some portions of the body 

differ from each other either in structure or function.  It was once believed that humans 

were the only animals to exhibit lateralization of the brain.  However, research 

throughout the last few decades has clearly shown that lateralization is not unique to 

humans.  In fact, many vertebrates are known to exhibit lateralization of a type that is 

similar to humans.  For a concise discussion of the continuity of lateralization from 

invertebrates to humans see Rogers (2000). 

Vertebrate lateralization, though it has been extensively studied, continues to 

provide novel findings.  Often a researcher will make an observation of a side bias and an 

explanation for the bias is then discovered through experimentation.  For example, it was 

found that regardless of handedness, human females prefer to cradle infants on their left 

side.  An explanation that was offered through  controlled experimentation was  that the 

sound of a human heart-beat contributes to the physical development of infants in terms 

of weight gain (Salk, 1973).  Thus, it is not only the observations of laterality that are 

fascinating, but also the adaptive explanations that can be offered.  In many cases, an 

animal that exhibits laterality does so with obvious costs to the individual, as in several 

species of fish which prefer to view predators with a given eye (Bisazza, Pignatti, & 

Vallortigara, 1997a, 1997b).  It is these costs that have led researchers to look for 

compensating advantages of lateralization.   
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One advantage of lateralization in fish is the ability to process two types of 

information at the same time.  Females of at least one species of topminnow, Girardinus 

falcatus, are able to forage for food and attend to harassing males without sacrificing 

efficiency in either task (Dadda & Bisazza, 2006).  In G. falcatus and many other species 

of fish some individuals are lateralized and others are not.  This allows for testing 

lateralized individuals against conspecific non-lateralized individuals in a number of 

different tasks.  Thus, a clearer argument for the advantages of lateralization can be 

made.   

The discovery of functional lateralization in vertebrates other than humans is 

generally credited to Fernando Nottebohm (1971) for his research with songbirds.  He 

studied the effect of severing the left or right tracheosyringeal nerve on song production.  

Nottebohm found that a canary in which the left nerve had been severed experienced an 

impaired ability to produce song, while a canary in which the right nerve had been 

severed experienced no impairment in song production.   

One of the earliest observations of laterality in teleosts was the asymmetrical 

thrusting of the gonopodium, an intromittant organ formed from a modified anal fin,  in 

some viviparous fishes (FitzGerald, 1872).  Aronson & Noble (1952) consolidated data 

from a few previous reports and provided analysis of the swinging and thrusting 

movements of the gonopodium.  They also discussed laterality in relation to evolutionary 

processes.  The authors concluded that, although some male fish ñshow slight preferences 

for one side or the other during thrusting behavior, this laterality does not compare too 

closely with handedness in mammals and humans where specific procedures are 

conducted almost exclusively with one hand.ò   



Texas Tech University, Curtis R. Stennett, May 2009 

3 

 

Despite a growing amount of recent evidence, some researchers continue to 

believe that lateralization is unique to humans (Crow, 2002, 2005).  Others recognize the 

generality of vertebrate lateralization, but believe that it has occurred through convergent 

evolution (McManus, 2005). Currently, an expanding number of researchers in the field 

believe that the pattern of lateralization that initially evolved has been retained by all 

vertebrates (homology) from fish to primates (Bisazza, De Santi, & Vallortigara, 1999; 

Rogers, 2000, 2007; Rogers & Andrew, 2002).  This current paradigm makes studying 

lateralization in fish particularly important because they are the oldest known extant 

vertebrates to exhibit laterality.  Therefore, fishes and the extinct early chordates that are 

thought to have been lateralized are probably more similar with regards to lateralization 

than either would be to a tetrapod because of the evolutionary pressures imposed by 

aquatic life.  The study of behavioral lateralization in fishes is thus a phylogenetic step 

toward understanding the origins of laterality in vertebrates. 

Research on laterality (functional, sensory, and motor biases) was simplified by 

the development of monocular testing.  In a monocular test, the subject is exposed to 

some stimulus and the eye that it uses to inspect the stimulus is recorded.  This type of 

test is obviously well suited for the examination of organisms that have laterally-oriented 

eyes and that lack extensive binocular vision.  Monocular tests were first used on chicks 

(Andrew, Mench, & Rainey, 1982).  These tests opened the door for laterality research on 

lower vertebrates.  This is important because the discovery of lateralization both in avian 

species (Nottebohm, 1971) and in rodents (Denenberg, et al., 2007), begs the question of 

whether lateralization is a plesiomorphy or an apomorphy among vertebrates.  
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One of the first times monocular tests were used to evaluate laterality in fishes 

was when Bisazza et al. (1997b) examined laterality in detour behavior in males of five 

species of poeciliid fishes.  They used a group of female conspecifics as the stimulus and 

recorded the results of the monocular test.  Three of the five species exhibited a leftward 

bias on average, and two of the species exhibited a rightward bias.  These results suggest 

that functional lateralization of the brain exists in those five species. 

Many studies have followed using various kinds of stimuli and barriers to study 

response for different species of fishes.  Use of mirrors is a common method for 

examining lateralization in fish because they can give the impression of companionship 

to a focal fish without having to actually involve another fish (Bisazza & De Santi, 2003; 

Bisazza, et al., 1999; De Santi, Bisazza, Cappelletti, & Vallortigara, 2000; De Santi, 

Bisazza, & Vallortigara, 2002; Sovrano, Bisazza, & Vallortigara, 2001; Sovrano, 

Rainoldi, Bisazza, & Vallortigara, 1999).  Another method that has been used with 

positive results is to subject a fish to a learned dummy predator (Bisazza, Cantalupo, 

Capocchiano, & Vallortigara, 2000; Bisazza, et al., 1997b).  Non-visual stimuli such as 

vibration have been used to examine a fishôs turning tendency following a startling event 

(Heuts, 1999). 

All of these studies have failed to examine laterality in its most naïve form, which 

is in the absence of stimuli.  With regards to experimental design, attempting to observe 

laterality in the absence of stimuli would be the control.  Without understanding laterality 

in the absence of stimuli, it is difficult to make correct inferences about behavior in the 

presence of stimuli.  That is to say, how would a researcher know if a fish were behaving 
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any differently toward a given stimulus than it would behave if there wasnôt any 

stimulus? 

Collectively, the studies discussed have found many species of fishes that exhibit 

either population-level or individual-level laterality.  Individual-level laterality occurs 

when individuals of a species are lateralized, but in differing directions.  This is in 

contrast to population-level lateralization which occurs when individuals in a population 

are lateralized, on average, in the same direction.  Population-level lateralization is 

commonly tested for using the t-test. The overall trend seems to be that fishes that exhibit 

shoaling behavior also exhibit population-level lateralization, whereas fishes that do not 

exhibit shoaling behavior may exhibit either population lateralization or individual 

lateralization (Bisazza, et al., 2000).  It also appears that fishes that are closely related are 

likely to show similar tendencies in laterality (Bisazza, et al., 2000), suggesting a 

phylogenetic component. 

Additionally, researchers have yet to be able to test for significant laterality at the 

individual-level.  This seems to have been due to small sample sizes or inefficient 

statistical procedures, or both (Bisazza, et al., 2000; Bisazza, et al., 1997a, 1997b). 

The objectives of the following two chapters are (1) to compare and contrast 

various statistical analyses of binary choice tests, in order to provide guidelines of how 

such analyses should be implemented and to provide visual references of appropriate 

sample sizes for binary tests under various conditions; and (2) to examine side biases in 

motor behavior in five species of minnows in the absence of other stimuli to help to 

understand behavioral lateralization in its simplest, naïve form. 
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 Chapter II 

Statistical Analysis of Monocular Tests of Lateralization 

 

Introduction 

Monocular tests are those in which a subject is exposed to some stimulus and the 

eye that it uses to inspect the stimulus is recorded. These tests have revolutionized the 

ability of researchers to examine laterality in lower vertebrates with laterally-oriented 

eyes.  The tests are a practical method to evaluate laterality because they are easily 

designed, performed, and replicated.  Because each observation of a monocular test can 

usually be obtained very quickly, it is possible to perform multiple tests with the same 

apparatus in a short period of time.  This proves to be a great advantage to researchers 

using fish as test subjects because it is often difficult to keep individuals of many species 

alive for extended periods in a lab, particularly if the fish must be handled for 

experimentation.   

 The monocular test is still a relatively new scientific procedure and researchers 

are devising novel ways of administering the test or manipulating the stimuli in order to 

answer specific questions.  One area of monocular testing that has not undergone much 

improvement is the data analysis.  Currently, many researchers use a method of assigning 

a numerical value to an organismôs level of laterality based on a simple ratio, such as that 

of Equation 1 (Bisazza, Cantalupo, Capocchiano, & Vallortigara, 2000; Bisazza, Pignatti, 

& Vallortigara, 1997a, 1997b; Sovrano, Bisazza, & Vallortigara, 2001; Sovrano, 

Rainoldi, Bisazza, & Vallortigara, 1999). 
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Number of right turns - Number of left turns

Number of trials
L=

                               (1)
 

 

Positive values of L indicate an average preference for turning to the right, whereas 

negative values indicate a preference for turning to the left.  This ratio of right to left 

turns is analogous to the ratio of successes and failures sometimes used to describe effect 

size in the general binomial model.  However, rather than applying a binomial test 

directly, the values from this formula are often tested for departures from randomness 

(H0: L=0) using t-tests.  Typically, small sample sizes have compounded the problems 

with the analysis, such that the analysis is often very inefficient (i.e., of low statistical 

power) at correctly detecting departures from randomness.  More sophisticated ways of 

analyzing this type of data exist, but have not yet been utilized by researchers studying 

laterality in fishes.   

 

Methods 

 Efficiencies of a number of statistical tests as a function of sample size with a 

known effect size were compared by numerical simulation, using functions written in 

Matlab
© 
v 6.3.  The tests compared were the binomial test, Wald test, Fisherôs exact test, 

score test, t-test, Pearson chi-squared test, G-test, Freeman-Tukey test, and Cressie-Read 

test.  Details of these tests are elaborated in Appendix A. 

 The binomial, Wald and score tests are direct tests for departure from 

randomness.  The binomial test evaluates tail probabilities of observed counts (e.g., of the 

number of right turns in a fixed number of trials) directly from the binomial distribution.  



Texas Tech University, Curtis R. Stennett, May 2009 

10 

 

It is expected to be exact, but because it is based on counts its power is not a 

monotonically increasing function of sample size (Chernick & Liu, 2002).  The Wald test 

is based on the asymptotic distribution of the maximum likelihood estimator and 

calculates the probability and the corresponding confidence interval at the observed 

proportion from the data (Garcia-Perez, 2005; Krishnamoorthy & Peng, 2007).  The score 

test is similar to the Wald test except that it evaluates probability and confidence intervals 

at the null proportion value of 0.5 (Garcia-Perez, 2005; Krishnamoorthy & Peng, 2007). 

 Fisherôs exact test for a 2×2 contingency table is intended to analyze binomial 

data with small sample sizes.  It differs from the conventional binomial test in that it uses 

a hypergeometric probability based on sampling without replacement (Lehmann & 

Romano, 2005).  The t-test is based upon the difference between two means and accounts 

for sample size in its calculations.   

 The remaining four tests are all members of the power-divergence family of test 

statistics.  All  of the power-divergence tests are based on observed frequencies and, 

therefore, are able to account for sample size.  These four tests are all based on the chi-

squared distribution; however, the G-test, Freeman-Tukey test, and Cressie-Read test 

differ from the Pearson chi-squared test in that they invoke different values for the 

parameter, ɚ, which is designed make each test better than the others under certain 

specific circumstances.   

 

Results 

 Using the p-value as an indication of the effectiveness of a test to show departures 

from randomness when such departures actually exist, the three tests that systematically 
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outperform the others are the binomial test, the Wald test, and the score test.  These three 

tests exhibit lower p-values than the other tests across a range of effect sizes and sample 

sizes (Figures 2.1-2.5). 

 

Discussion 

 When choosing a method of data analysis, the researcher should consider the 

trade-off between effect size and sufficient sample size.  To that end, pilot studies should 

be designed to provide initial estimates of effect size.  Figures 2.1 through 2.5 are 

intended to help researchers devise an appropriate method of data analysis prior to 

performing their experiments. 

 Figure 2.1 is intended to further verify the conclusions drawn from this 

comparison.  This visual aid illustrates the outcome of testing an effect size of one.  As 

expected, none of the tests compared reported significant results.  In fact, depending upon 

the nature of each test, the reported p-values attenuated toward either 0.5 or 1. 

 When analyzing binary data, Fisherôs exact test, the t-test, and the family of 

power divergence tests are all consistently too conservative relative to the others.  These 

tests are not as effective at showing deviations from randomness as are the other tests.  In 

the context of monocular tests, this observation is true only when the number of 

outcomes to the test is limited to two.  When a test is designed that includes more than 

two outcomes such as a fish viewing a stimulus with its right eye, left eye, or some 

combination of the two, the effectiveness of the family of power divergence tests 

increases because the dependence between any two choices is lowered. 
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 The three tests that are more reasonable options for analyzing binary data are the 

binomial test, the Wald test, and the score test.  Of these three, I highly recommend using 

the score test.  The Wald test was not only far too non-conservative compared with the 

binomial and score tests, it also displayed more noise, meaning it is influenced by each 

addition observation to a greater degree than is the score test, when sample sizes were 

small.  The binomial test provides the exact answer to the question of whether a given 

binary data set differs from randomness if observations are statistically independent from 

one another.  However, it is also quite noisy.  The score test is comparable to the 

binomial test in efficiency and provides a satisfactory balance of statistical behavior.  The 

results of the score test are influenced less by one additional success or failure than are 

the results of the binomial and Wald tests.  Of these three tests, the score test is the one 

that should be routinely implemented by researchers analyzing binary data. 

It has been noted that because score confidence intervals (CIs) are narrower than Wald 

CIs over a broad range of parameters, score CIs will not prescribe overly large sample 

sizes during planning and, therefore, are always preferred to Wald CIs (Garcia-Perez, 

2005).  This is important in that it allows researchers to have duality between their test 

statistic and confidence interval.  Duality between test statistic and confidence intervals 

ensures that the CIs actually express the range of values that will retain the null 

hypothesis (Garcia-Perez, 2005). 
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Chapter III 

Behavioral Lateralization in Zebrafish and Four Related Species of Minnows 

(Osteichthyes: Cyprinidae) 

 

Introduction 

 In recent years, the study of behavioral lateralization in fishes has become 

increasingly extensive.  In fact, fishes have been tested with many types of stimuli in 

numerous types of apparatuses (Bisazza, Cantalupo, Capocchiano, & Vallortigara, 2000; 

Bisazza & De Santi, 2003; Bisazza, De Santi, & Vallortigara, 1999; Bisazza, Pignatti, & 

Vallortigara, 1997a, 1997b; De Santi, Bisazza, Cappelletti, & Vallortigara, 2000; De 

Santi, Bisazza, & Vallortigara, 2002).  All of these studies have contributed to our 

understanding of the origins of cerebral lateralization.  However, one area that has been 

overlooked is the study of naïve side bias in motor behavior of fishes in the absence of 

any direct stimulus.  In the context of monocular tests, side bias in motor behavior refers 

to an organismôs tendency to consistently turn its body in one direction or the other.  It is 

a reasonable assumption that an organism that displays behavioral lateralization during 

monocular testing might also have some innate preference to turn one direction or the 

other.  This could be related very generally to human handedness.  Without 

understanding laterality in the absence of stimuli (the control in most experimental 

designs), it is difficult to make correct inferences about behavior in the presence of 

stimuli. 

 The interpretations that can be made from recent monocular tests are limited due 

to the unavoidable duality that often accompanies such tests. For instance, in a T-shaped 
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runway, if a fish detours to the left in front of a stimulus it is unclear whether the fish is 

attempting to view the stimulus with its right eye, or is more concerned with inspecting 

the unknown area around the corner with its left eye.  Interpretations concerning the 

behavior of fishes is also limited in instances when they were gently coaxed or prodded 

down a runway with an aquarium net (Bisazza, et al., 2000; Bisazza, et al., 1997a, 

1997b).   

 The intent of discussing these flaws is not to detract from research that has been 

done previously, but to point out the importance of understanding behavioral 

lateralization in its simplest form, in the absence of stimuli.  To that end, this experiment 

has been designed with the intent of providing data that can be interpreted very clearly by 

removing all visual stimuli and observing side biases in motor behavior.  This experiment 

investigated behavioral lateralization in five species of cyprinids.  The reason for 

restricting the study to one family was to examine the hypothesis that fishes that are 

closely related phylogenetically (Figure 3.1) will exhibit similar trends in lateralization 

(Bisazza, et al., 2000). 

 

Methods 

 The five species examined were composed of an ingroup and two outgroups.  The 

ingroup consisted of Danio rerio (zebra danio), Devario aequipinnatus (giant danio), and 

Rasbora trilineata (scissortail rasbora), based on a recent phylogenic analysis of 

subfamily Danio  using mitochondrial 12S and 16S rDNA (Quigley, et al., 2004).  One of 

the two outgroups was a near relative (Tanichthys albonubes; White Cloud Mountain 

minnow, = white cloud) of the ingroup, and the other was a more distant relative 
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(Pimephales promelas; fathead minnow) as suggested from recent phylogenetic analyses 

of cyprinid subfamilies (Nelson, 2006; Shunping, et al., 2004). 

 Fifteen individuals of each species were obtained on the same date from 

commercial sources.  The fishes were housed in 7.5ǎ acrylic aquaria in groups of five at a 

sustained temperature of 22±1 ºC and with 12:12 hour light-dark cycle.  They were fed 

flake food once daily to satiation.   Five individuals, one from each species, were kept in 

each aquarium not only to allow some behavioral interaction, but also to allow 

identification of individuals.  The fish were acclimated to their new environment for one 

week before testing.   

Each fish was subjected to a óTô shaped test arena multiple times.  This 

experiment took advantage of rheotaxis by running a slow current of water through each 

arm of the test apparatus (Figure 3.2).  In both arms the current velocity, measured by a 

Marsh-McBirney Flo-Mate meter, was consistently 0.1m/s. This allowed the fish to be 

tested without having to be pushed or coaxed through the runway.  Each fish was tested 

once per day.  One of two identical óTô shaped apparatuses was assigned randomly to be 

administered to all of the fishes on the day of testing.  Additionally, the cardinal direction 

the apparatus faced was randomly designated as either north or south on the day of 

testing.  Individual fish were tested 40 times to characterize individual lateral preference, 

average preference, and variation in preference for each species.  The direction that each 

fish chose was recorded for each test. 

A pilot study was carried out in which three individuals of each species were 

subjected to a test apparatus twelve times each.  These individuals did not participate in 

the aforementioned study.  The pilot study was filmed with an overhead video camera 
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with the intention of using computer software to track the trajectory of each fish in the 

apparatus. After reviewing all of the films it was decided that trajectory analysis was not 

needed as the fishes always exhibited turns that were routinely sudden and unambiguous.  

This clarity of choice does not occur in the absence of a current, in which case, the fishes 

are not motivated to swim in any particular direction and usually remain relatively 

motionless in the water.  For this reason it is imperative that the currents in each arm of 

the test apparatus be equal.   A choice is operationally defined in this context as a 90° 

turn to the left or right upon reaching the end of the apparatus. 

The test apparatuses were housed in a small room measuring approximately 3m 

by 5m.  The room did not contain windows and the overhead fluorescent lights were 

distributed evenly about the ceiling of the room.  The apparatuses were constructed of 

opaque acrylic plexiglass, so that the test subjects would not be influenced by anything 

outside of the apparatuses. 

Individual laterality was evaluated using a two-tailed score test of the logit scores 

(Garcia-Perez, 2005; Krishnamoorthy & Peng, 2007).  Within-species lateralization was 

characterized using single-sample, two-tailed t-tests based on the fitted value of the 

proportion of right turns after the data were fitted to either the beta-binomial model or the 

binomial model, whichever provided the best fit.  The beta-binomial distribution is a 

model of binomial overdispersion.  It invokes an additional parameter, ɗ, which is a 

measure of variation of the binomial parameter p among individuals.  This allows the 

researcher to perform hypothesis testing of the data using a model that is most 

appropriate.  A one-way ANOVA was used to test for differences among species.  A chi-

squared test of the log-likelihoods was implemented to assess pairwise differences among 
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species.  A sequential Bonferroni procedure was performed on the probabilities from the 

chi-squared test to adjust for multiple simultaneous comparisons (Holm, 1979).  

Homogeneous subsets were then constructed using the maximum-likelihood method.   

As with any repeated behavioral test, there is always the possibility of 

conditioning (=habituation, acclimation) occurring within the test subjects.  This was 

examined both by inferential and exploratory methods.  For each individual, a line graph 

of running averages with a window of 5 observations was constructed and a goodness-of-

fit test was conducted to test whether the sequence of turns for each individual fish was 

consistent with the binomial expectations of a first-order Markov process (Davis, 1986; 

Edgington, 1995).   

A power divergence goodness-of-fit test was used to check for any overall effects 

of apparatus and cardinal direction on turning preference.  This was accomplished by 

comparing the observed number of right turns distributed among the possible 

combinations of test apparatus and cardinal direction to the expected number of right 

turns given the average proportion of right turns exhibited by all individuals in the study.  

Specifically, the expected number of right turns for a given combination of test apparatus 

and cardinal direction was calculated by multiplying the number of times the combination 

was used by the grand mean proportion of right turns across all individuals.  All analyses 

were performed using functions written in Matlab
© 

v 6.3 (Strauss, 2008).   

 

Results 

Two-tailed score tests revealed that many fish of each species are lateralized 

(Table 3.1).  The direction of lateralization can be noted by viewing the proportion of 
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right turns.  Proportions greater than 0.5 indicate a preference for turning right, whereas 

those less than 0.5 indicate a preference for turning left.  The same test indicated that the 

number of individuals with an overall rightward turning preference was significant 

(z=4.04, P=<0.01).  There were 55 of 75 individuals tested with a rightward turning 

preference (Figures 3.3-3.7). 

Single-sample two-tailed t-tests revealed significant lateralization in the species T. 

albonubes (t14=2.16, P=0.04), D. aequipinnatus (t14=4.31, P<0.01) and D. rerio 

(t14=6.31, P<0.01) (Table 3.2).  These t-tests for species lateralization were based on the 

predicted proportions of the beta-binomial model or, in the case of D. rerio, the binomial 

model.  In all of the species except D. rerio, the proportions obtained after fitting the 

beta-binomial distribution were preferred to those obtained from the binomial distribution 

because they were able to account for more of the variance within the respective species 

(Table 3.3).   

  An ANOVA of individual logit scores showed a significant difference among 

the species (F4,70=3.77, P<0.01).  R. trilineata was found to comprise one subset, while 

all other species examined comprised the other subset (Table 3.4).   

As can be seen from the graphs of running averages for individuals of each 

species, conditioning (=habituation, acclimation) does not appear to have occurred 

(Figures 3.8-3.12).  If conditioning occurred that influenced the subjectsô behavior, one 

would see a general trend of the running average increase or decrease over time towards a 

value of, in this case, 0 or 1.  All tests for autocorrelation based on a first-order Markov 

process were not significant (Table 3.5). 
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Neither test apparatus nor cardinal direction had an effect on the turning 

preference of the fishes (ɢ
2
=3.24, P=0.36).  This means that the distribution of right turns 

of the fishes was not different overall from what would be expected randomly, given the 

numbers of times each combination of test apparatus and cardinal direction was used and 

the average proportion of right turns recorded among all individuals. 

 

Discussion 

The most important result of this study was the number of individual fishes that 

were significantly lateralized.  This is easily overlooked when viewing within-species 

data because a species that contains lateralized individuals might not be lateralized at the 

population level due to directionality differences in laterality of individuals.  These 

findings support the notion that behavioral lateralization seems to be homologous, at least 

among fishes, and possibly among higher vertebrates in general (Rogers, 2000; 

Vallortigara & Bisazza, 2002).  All  of the fishes used in this experiment were tested 

individually for lateralization.  Observing the behavior of an individual fish that normally 

belongs to a school or shoal, although very informative, is also somewhat unnatural.  

Even though individuals of a population may have inherent tendencies to turn in opposite 

directions, those tendencies may be overridden by the effects of living in a school.   

In general, the data and results presented here support the claim that fishes that 

are closely related phylogenetically exhibit similar trends in lateralization (Bisazza, et al., 

2000).  Additionally, fishes that are related ecologically might develop similar trends in 

laterality due to very similar pressures imposed on them.  This is seen from the 

construction of homogeneous subsets (Table 3.4).  The only species that did not fit into a 
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subset with the others is R. trilineata, which had the fewest number of lateralized 

individuals and had an overall distribution of turns that was not biased rightwards or 

leftwards (Figure 3.5).  In order to understand whether behavioral lateralization in fishes 

has a phylogenetic component a much larger study with a very diverse group of fishes 

would need to be conducted.  Within the scope of this experiment, it is interesting that 

four of the five species comprised one homogenous subset.  Although an examination of 

a broader group of species is merited, one might conclude from these results that most 

cyprinids have similar turning biases.  It is worth noting that it is quite likely that 

behavioral lateralization in fishes has a strong phylogenetic component as some 

researchers have found that it is highly heritable among lab maintained livestock 

(Bisazza, Dadda, Facchin, & Vigo, 2007).  However, it might be more informative to 

perform research on the phylogenetic components of lateralization with stimulus 

dependent experiments due to the fluctuating nature and frequency-dependent costs and 

benefits associated with turning biases alone.   

From the work of Bisazza et al. (2007) we know that direction of lateralization is 

highly heritable in at least one species of small freshwater fish.  Even in instances when 

individuals were initially selected for being non-lateralized, subsequent generations 

generally became increasingly variable in turning biases.  It is from this regression to a 

higher level of variation that one can infer that there is likely some initial proximate 

cause for lateralization.  For it is from this variation in side biases that lateralized 

populations may arise when placed under various ecological pressures. Another 

proximate cause for lateralization that has been suggested, at least for D. rerio, is the 

uneven lateral distribution of red and white muscle mass on the trunk region of the fish 
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(Heuts, 1999).  This explanation was offered as a reason why D. rerio exhibits a 

rightward bias in the startle response known as C-bends.  This is particularly interesting 

because in this investigation D. rerio was the only species that did not include any 

individuals with a leftward turning bias (Figure 3.7).  In this regard it would be 

interesting, though labor intensive, to examine the trunk musculature of all individuals 

involved in studies such as this one in order to attempt to understand if a fish, on average, 

turns to the easier direction as determined by the distribution and concentration of the 

different muscle types. 

Given that all of the species studied naturally live in schools, it is intriguing that 

individuals of a given species would have opposite turning preferences (Figures 3.3-3.5).  

This seems counterintuitive unless a fish stands to gain some advantage by turning in the 

opposite direction from the school.  This is the case with frequency-dependent natural 

selection, which implies that a given trait is advantageous only when its frequency in a 

population is quite low (Vallortigara & Bisazza, 2002).  If frequency-dependent natural 

selection is occurring in a population, then any observations of the direction or strength 

of lateralization must be regarded as simply an observation in time of a quickly and 

continually fluctuating attribute.   

Excluding R. trilineata, each of the remaining species in this study exhibited a 

large proportion of individuals lateralized in the same direction (66-93%).  Equally 

interesting is the complementary statement that a small proportion of the population 

remains lateralized in the opposite direction.  These observations are congruent with 

observations of most other types of behavioral asymmetry in vertebrates in that a 

majority of the population is lateralized in one direction and a much smaller minority is 
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lateralized in the opposite direction, as is the case with handedness in humans 

(Vallortigara & Rogers, 2005).  This similarity in behavioral asymmetry across such a 

broad range of taxa is another clue that behavioral lateralization may be homologous 

among vertebrates, or at least have developed under similar evolutionary pressures in a 

number of taxa.  In fact, it has been proposed through models and game-theory analyses, 

that this observed polymorphism in population-level behavioral asymmetries can be an 

evolutionarily stable strategy if individuals that behave asymmetrically must interact with 

other individuals who behave asymmetrically (Ghirlanda, Frasnelli, & Vallortigara, 2009; 

Ghirlanda & Vallortigara, 2004). 

Regardless of its origin or cause, the significantly right-biased behavior observed 

in these species in the absence of any systematic stimulus suggests that it is imperative in 

future studies of laterality in fishes, and presumably in other organisms, that a stimulus-

free control condition be included in the experimental design. 
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Table 3.1  Evaluation of individual level laterality by randomized score test.  Proportion 

of right turns, score confidence intervals (on the null proportion), test statistics, p-values 

and sequential Bonferroni significance decisions shown.  *Significant at Ŭ=0.10. 

 

Species ProportionLower CI Upper CI Z P -value Bon

0.575 0.45 0.55 1.30 0.19 ns

0.675 0.45 0.55 3.03 <0.01 *

0.550 0.45 0.55 0.87 0.39 ns

0.775 0.45 0.55 4.76 <0.01 *

0.325 0.45 0.55 -3.03 <0.01 *

0.400 0.45 0.55 -1.73 0.08 ns

0.775 0.45 0.55 4.76 <0.01 *

0.550 0.45 0.55 0.87 0.39 ns

0.650 0.45 0.55 2.60 0.01 *

0.575 0.45 0.55 1.30 0.19 ns

0.300 0.45 0.55 -3.46 <0.01 *

0.625 0.45 0.55 2.17 0.03 ns

0.650 0.45 0.55 2.60 <0.01 *

0.475 0.45 0.55 -0.43 0.67 ns

0.475 0.45 0.55 -0.43 0.67 ns

0.825 0.45 0.55 5.63 <0.01 *

0.325 0.45 0.55 -3.03 <0.01 *

0.500 0.45 0.55 0.00 1.00 ns

0.675 0.45 0.55 3.03 <0.01 *

0.725 0.45 0.55 3.90 <0.01 *

0.425 0.45 0.55 -1.30 0.19 ns

0.525 0.45 0.55 0.43 0.67 ns

0.575 0.45 0.55 1.30 0.19 ns

0.750 0.45 0.55 4.33 <0.01 *

0.675 0.45 0.55 3.03 <0.01 *

0.575 0.45 0.55 1.30 0.19 ns

0.550 0.45 0.55 0.87 0.39 ns

0.375 0.45 0.55 -2.17 0.03 ns

0.600 0.45 0.55 1.73 0.08 ns

0.500 0.45 0.55 0.00 1.00 ns

P. promelas

T. albonubes
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Table 3.1 continued. 

Species ProportionLower CI Upper CI Z P -value Bon

0.525 0.45 0.55 0.43 0.67 ns

0.375 0.45 0.55 -2.17 0.03 ns

0.425 0.45 0.55 -1.30 0.19 ns

0.525 0.45 0.55 0.43 0.67 ns

0.325 0.45 0.55 -3.03 <0.01 *

0.575 0.45 0.55 1.30 0.19 ns

0.425 0.45 0.55 -1.30 0.19 ns

0.625 0.45 0.55 2.17 0.03 ns

0.550 0.45 0.55 0.87 0.39 ns

0.525 0.45 0.55 0.43 0.67 ns

0.525 0.45 0.55 0.43 0.67 ns

0.675 0.45 0.55 3.03 <0.01 *

0.400 0.45 0.55 -1.73 0.08 ns

0.275 0.45 0.55 -3.90 <0.01 *

0.400 0.45 0.55 -1.73 0.08 ns

0.825 0.45 0.55 5.63 <0.01 *

0.550 0.45 0.55 0.87 0.39 ns

0.525 0.45 0.55 0.43 0.67 ns

0.625 0.45 0.55 2.17 0.03 ns

0.600 0.45 0.55 1.73 0.08 ns

0.800 0.45 0.55 5.20 <0.01 *

0.550 0.45 0.55 0.87 0.39 ns

0.425 0.45 0.55 -1.30 0.19 ns

0.575 0.45 0.55 1.30 0.19 ns

0.700 0.45 0.55 3.46 <0.01 *

0.575 0.45 0.55 1.30 0.19 ns

0.700 0.45 0.55 3.46 <0.01 *

0.550 0.45 0.55 0.87 0.39 ns

0.600 0.45 0.55 1.73 0.08 ns

0.875 0.45 0.55 6.50 0.00 *

R. trilineata

D. aequipinnatus 
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Table 3.1 continued. 

Species ProportionLower CI Upper CI Z P -value Bon

0.600 0.45 0.55 1.73 0.08 ns

0.650 0.45 0.55 2.60 <0.01 *

0.675 0.45 0.55 3.03 <0.01 *

0.675 0.45 0.55 3.03 <0.01 *

0.550 0.45 0.55 0.87 0.39 ns

0.500 0.45 0.55 0.00 1.00 ns

0.500 0.45 0.55 0.00 1.00 ns

0.575 0.45 0.55 1.30 0.19 ns

0.575 0.45 0.55 1.30 0.19 ns

0.700 0.45 0.55 3.46 <0.01 *

0.725 0.45 0.55 3.90 <0.01 *

0.750 0.45 0.55 4.33 <0.01 *

0.600 0.45 0.55 1.73 0.08 ns

0.675 0.45 0.55 3.03 <0.01 *

0.625 0.45 0.55 2.17 0.03 ns

D. rerio
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Table 3.2  Summary of within species lateralization by single-sample two-tailed t-tests 

performed on estimated sample proportions obtained by fitting the data for each species 

to the beta-binomial model or (*) the binomial model.  The sample size for each species 

was 15. 

 

Species t -stat P -value

P. promelas 1.63 0.12

T. albonubes 2.16 0.04

R. trilineata 0.27 0.79

D. aequipinnatus 4.32 <0.01

D. rerio* 6.31 <0.01  
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Table 3.3  Statistics and parameters of the raw and fitted sample data for each species.  

*The beta-binomial model was the better fit for all of the species expect D. rerio, in 

which case the general binomial model was used. 

 

Statistics and 

Parameters 

P. 

promelas 

T. 

albonubes 

R. 

trilineata 

D. 

aequipinnatus 

D. 

rerio 

sample 

mean 0.56 0.57 0.48 0.63 0.63 

standard 

error 0.04 0.04 0.03 0.03 0.02 

variance 33.10 31.50 20.21 24.78 9.43 

model

*  

mean 0.56 0.57 0.48 0.63 0.63 

standard 

error 0.04 0.03 0.03 0.03 0.02 

theta 0.06 0.05 0.02 0.04 *  

theta SE 0.02 0.02 0.01 0.02 *  

variance 31.55 30.30 19.00 24.80 9.38 
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Table 3.4  Matrix of pairwise F-statistics with 1 and 29 degrees of freedom; P-values 

above diagonal (based on 1000 iterations) and sequential Bonferroni significance 

decisions below diagonal.  Diagonal elements indicate homogeneous subsets based on 

sequential Bonferroni critical limits (Ŭ=0.05).  

 

Species P. promelasT. albonubesR. trilineataD. aequipinnatusD. rerio

F= 0.10 F=3.06 F=2.31 F=2.25

P= 0.76 P=0.09 P=0.15 P=0.17

F=4.45 F=1.45 F=1.23

P=0.04 P=0.23 P=0.28

F=12.09 F=17.63

P<0.01 P<0.01

F=0.15

P=0.67

D. rerio ns ns s ns A

B

D. aequipinnatus ns ns s A

P. promelas A

T. albonubes ns A

R. trilineata ns ns
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Table 3.5  P-values and mean squared errors obtained from a goodness-of-fit test 

designed to test whether the sequence of turns of each individual fish differs from the 

binomial expectations of a first-order Markov process.   

 

 
  

Species

Fish 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

P-value 0.99 0.99 0.99 0.99 0.99 0.77 0.99 0.99 0.84 0.90 0.99 0.91 0.99 0.88 0.80

MSE 0.01 <0.01<0.01 <0.01 <0.01 <0.01 <0.01 0.01 0.01 <0.01 0.01 0.02 <0.01 0.01 <0.01

Species

Fish 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

P-value 0.99 0.99 0.82 0.99 0.99 0.86 0.99 0.99 0.86 0.95 0.99 0.99 0.99 0.78 0.97

MSE 0.01 0.02 0.04 <0.01 <0.01 0.01 <0.01 <0.01 <0.01 0.01 <0.01 <0.01 <0.01 0.05 0.03

Species

Fish 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

P-value 0.99 0.99 0.84 0.99 0.99 0.99 0.99 0.99 0.99 0.85 0.99 0.84 0.99 0.92 0.84

MSE <0.01 <0.01 0.03 <0.01 0.01 <0.01 <0.01 0.01 <0.01 <0.01 <0.01 0.01 <0.01 <0.01 0.01

Species

Fish 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

P-value 0.99 0.90 0.87 0.92 0.86 0.99 0.99 0.99 0.84 0.99 0.83 0.99 0.86 0.83 0.82

MSE 0.04 0.01 0.01 0.01 0.01 <0.01 0.01 <0.01 0.01 <0.01 0.01 <0.01 <0.01 0.01 0.02

Species

Fish 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

P-value 0.80 0.99 0.99 0.99 0.99 0.99 0.99 0.95 0.99 0.99 0.99 0.81 0.90 0.99 0.99

MSE 0.04 <0.01<0.01 <0.01 <0.01 <0.01 0.01 <0.01 0.01 0.02 <0.01 0.02 <0.01 <0.01 <0.01

T. albonubes

R. trilineata

D. aequipinnatus 

D. rerio

P. promelas 
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Figure 3.1  Phylogeny of studied species 

  
1
Ingroup.  

2
Nearer outgroup.  

3
Further outgroup.  

Pimephales promelas3  

Tanichthys albonubes2 

Rasbora trilineata 1 

Devario aequipinnatus1 

Danio rerio1 

Subfamily  
Danioninae 
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Figure 3.2.  T-shaped test apparatus.  Arrows indicate direction of flow. 
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