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Chapter |

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 lateralizatimon fro
invertebrates to humans deegers 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 discoa@ 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 hedpeatcontributes 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 exHits laterality does so with obvious costs to the individual, as in several
species of fish which prefer to view predators with a givenBigazza, Pignatti, &
Vallortigara, 1997a, 1997b)lt is these costs that have led researchers to look for

compenshng 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 topm@inandinus
falcatus are able to forage for food and attendhémassing males without sacrificing
efficiency in either taskDadda & Bisazza, 2006)In G. falcatusand many other species
of fish some individuals are lateralized and others are not. This allows for testing
lateralized individuals against conspeciiion-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 Fernanéimttebolm (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 sgnwhile 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 afreddanal fin, in
some viviparous fishe$-itzGerald, 1872) Aronson & Noblg1952)consolidated data
from a few previous reports and provided analysis of the swinging and thrusting
movements of the gonopodium. They also discussed laterality in refatevolutionary
processes. The authors concluded that, al
for one side or the other during thrusting behavior, this laterality does not compare too
closely with handedness in mammals and humans where sg@oifiedures are

conducted al most exclusively with one hand
2
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Despite a growing amount of recent evidence, some researchers continue to
believe that lateralization is unique to humédsow, 2002, 2005) Others recognize the
generality of vertebrate latalization, 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 (mology) from fish to primate@Bisazza, De Santi, & Vallortigara, 1999;
Rogers, 2000, 2007; Rogers & Andrew, 200Zhis current paradigm makes studying
lateralization in fish particularly important because they are the oldest known extant
vertebrates texhibit 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 nrmmcular 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 laterieihted
eyes andhat 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 betann
speciegNottebohm, 1971and in rodent§Denenberg, et al., 200Megs 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 whenBisazza 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 ekailatevard
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 tg stud
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 {Bisazza & De Santi,@3;
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 pre@Bisazza, Cantalupo,

Capocchiano, & Vallortigara, 2000; Bisazza, et al., 199 Nx)nvisual stimuli such as

vi bration have been used to examineenta fi sh
(Heuts, 1999)

All of these studies have failed to examine laterality in its most naive 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 contWithout 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 stimulashan it woul d behave if
stimulus?

Collectively, the studies discussed have found many species of fishes that exhibit
either populatiorlevel or individuallevel laterality. Individualevel laterality occurs
when individuals of a speciese lateralized, but in differing directions. This is in
contrast to populatictevel lateralization which occurs when individuals in a population
are lateralized, on average, in the same direction. Populatiehlateralization is
commonly tested fousing thet-test. The overall trend seems to be that fishes that exhibit
shoaling behavior also exhibit populati@vel lateralization, whereas fishes that do not
exhibit shoaling behavior may exhibit either population lateralization or individual
lateralzation (Bisazza, et al., 2000)t also appears that fishes that are closely related are
likely to show similar tendencies in lagdity (Bisazza, et al., 20003uggesting a
phylogenetic component.

Additionally, researchers have yet to be able to test for significant laterality at the
individuatlevel. This seems to have been due to small sample sizes or inefficient
statistical procedures, or bafRisazza, et al., 2000; Bisazza, et al., 1997a, kP97

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 simpleatyeform.

t



Texas Tech UniversityCurtis R. Stennett, May 2009

References

Andrew, R. J., Mench, J., & Rainey, C. (1982). Rilglit asymmetry of response to
visual stimuli in the domestic chick. In D. J. Ingle, M. A. Goodale & R. J.
Mansfield (Eds.)Analysis of Visual Behaviopp. 197209). Cambridge: MI
press.

Aronson, L. R., & Noble, G. K. (1952). Evidence of ambidexterity and laterality in the
sexual behaviour of certain poeciliid fisthe American Naturalist, 82861171.

Bisazza, A., Cantalupo, C., Capocchiano, M., & Vallortigara, G. (2000 Ll&tmmn
lateralisation and social behaviour: a study with 16 species of Bsérality,
5(3), 269284.

Bisazza, A., & De Santi, A. (2003). Lateralization of aggression inBehavioural
Brain Research, 142), 131136.

Bisazza, A., De Santi, A., &allortigara, G. (1999). Laterality and cooperation:
mosquitofish move closer to a predator when the companion is on their left side.
Animal Behaviour, 5711451149.

Bisazza, A., Pignatti, R., & Vallortigara, G. (1997a). Detour tests revealdadk
stimulus-specific behavioural lateralization in mosquitofish (Gambusia
holbrooki). Behavioural Brain Research, 8937-242.

Bisazza, A., Pignatti, R., & Vallortigara, G. (1997b). Laterality in detour behaviour:
interspecific variation in poeciliid fislAnimal Behaviour, 5412731281.

Crow, T. J. (2002). The search for a critical evEm¢ speciation of modern Homo
sapiengpp. 176216). Oxford: Oxford University Press.

Crow, T. J. (2005). The cerebral torque and directional asymmetry for hand use are
correlates of the capacity for language in Homo sapiems.Behavioral Brain
Sciences, 28695596.

Dadda, M., & Bisazza, A. (2006). Lateralized female topminnows can forage and attend
to a harassing male simultaneou@ghavioral Ecology, 1(B), 358363.

De Santi, A., Bisazza, A., Cappelletti, M., & Vallortigara, G. (2000). Prior exposure to a
predator influences lateralization of cooperative predator inspection in the guppy,
Poecilia reticulataltalian Journal of Zoology, §2), 175178.

De SantiA., Bisazza, A., & Vallortigara, G. (2002). Complementary left and right eye
use during predator inspection and shmate scrutiny in minnowsournal of
Fish Biology, 606), 11161125.



Texas Tech UniversityCurtis R. Stennett, May 2009

Denenberg, V. H., Hofmann, M., Garbanati, J. A., Sherman, G. FenhRGs D., &
Yutzey, D. (2007). Handling in infancy, taste aversion, and brain laterality in rats.
Brain Research, 20A23133.

FitzGerald, C. (1872). Viviparous minnowihe American Naturalist,,661-562.

Heuts, B. A. (1999). Lateralization of trunk muscle volume, and lateralization of
swimming turns of fish responding to external stimB&havioural Processes,
47(2), 113124,

McManus, I. C. (2005). Unity in the wild variety of nature, or just varidty®
Behavioral Brain Sciences, 2806608.

Nottebohm, F. (1971). Neural lateralization of vocal control in a passerine bird. I. Song.
Journal of Experimental Zoology, 1(Z}, 229261.

Rogers, L. J. (2000). Evolution of side biases: motor versus sensory lateralization. In M.
K. Mandal, M. B. BulmarFleming & G. Tiwari (Eds.)Side bias: a
neuropsychological perspectiyep. 340). Dordrecht: Kluwer Academic
Publishers.

Rogers, L. J. (207). Lateralization in its many forms, and its evolution and development.
In W. D. Hopkins (Ed.)The evolution of hemispheric specialization in primates
(pp. 2356). San Diego: American Society for Primatologists, Academic Press.

Rogers, L. J., & AndrewR. J. (2002)Comparative vertebrate lateralizatio@ambridge:
Cambridge University Press.

Salk, L. (1973). The role of hedokat in the relations between mother and infant.
Scientific American24-29.

Sovrano, V. A., Bisazza, A., & Vallortigara, @001). Lateralization of response to
social stimuli in fishes: a comparison between different methods and species.
Physiology & Behavior, 14-2), 23%244.

Sovrano, V. A., Rainoldi, C., Bisazza, A., & Vallortigara, G. (1999). Roots of brain
specialization: preferential lefeye use during mirremage inspection in six
species of teleost fisBehavioural Brain Research, 1(62), 175180.



Texas Tech UniversityCurtis R. Stennett, May 2009

Chapter Il

Statistical Analysis of Monocular Tests of Lateralization

Introduction

Monocular tests are those in whickubject 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 vertebrateslatithally-oriented
eyes. The testwre a practidamethod 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 ped of time. This proves to be a great advantage to researchers
using fish as test subjects because it is often difficult to kekypduals ofmany species
alive for extended perioda a lab, particularly if the fish must be handled for
experimentation

The monocular test is still a réilzely new scientific procedure amdsearchers
are devising novel ways of administering the test or manipulatengtiimuli in order to
answer specific question®©ne area of monocular testing that has not underguth
improvement is the data analysis. Cathg many researchers uaanethod of assigning
a numerical value t o &asedom gimpleirasonsich aslthatyv el o
of Equation 1(Bisazza, Cantalupo, Capocchiano, & Vallortigara, 2000; Bisazza, Pignatti,
& Vallortigara, 1997a, 1997b; Sovrano, Bisaz&a/allortigara, 2001; Sovrano,

Rainoldi, Bisazza, & Vallortigara, 1999)
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_ Number of right turns - Number of lefirns
Number of trials (1)

L

Positive values of 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 imbf successes and failures sometimes used to describe effect
size in the generdinomial model However, rather than applying a binomial test

directly, the alues from this formula are oftéested for departures from randomness

(Ho: L=0) usingt-tests Typically, small sample sizes have compounded the problems
with the analysis, such that the analysis is often very inefficientdf.eaw statistical

power) at correctly detecting departures from randomness. More sophisticated ways of
analyzing thidype of data exist, but have not yet been utilized by researchers studying

laterality in fishes.

Methods
Efficienciesof a number of statistical tests as a function of sample size with a
known effect sizavere compared by numerical simulation, using functions written in
Matlabt®v 6 . 3. The tests compared were the bin
score testt-test, Pearson clsiquared test, @est, Freemail ukey test, and Cressiead
test. Details of these tests are elaborated in Appendix A.
The binomial Wald and scortest are directess for departurérom
randomnessThe binomial test evaluates tail probabilities of observed counts (e.g., of the
number of right turns in a fixed numbef trials) directly from the binomial distribution.

9
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It is expected to be exact, but because it is based on counts its power is not a
monotonically increasing function of sample di@hernick & Liu, 2002) The Wald test

Is based on the asymptotic distribution of the maximkedihood estimator and

calculateghe probability and the corresponding confidence inteavéhe observed
proportionfrom the datgGarciaPerez2005; Krishnamoorthy & Peng, 2007 he score

test is similar to the Wald test except that it evaluates probability and confidence intervals
atthe null proportion valuef 0.5 (GarciaPerez, 2005; Krishnamoorthy & Peng, 2007)

Fi sher 6s a2xacontingenay gablés itended to analyze binomial
data with small sample sizes. It differs from the comiemal binomial test in that ises
a hypergeometric probability based gsampling without replacemefitehmann &

Romano, 2005) Thet-test is based upon the difference between two means and accounts
for sample size in its calculations.

The remainingour teds are all members of the powdivergence family of test
statistics. All of the powerdivergence tests are based on observed frequencigs and
thereforeare abled account for sample size. These four tastsall based on the ehi
squared distribution; however, thet&st, FreemaiT ukey test, and CressikRead test
differ from the Pearson clsiquared test in thatek invoke different values for the
parameter , wdhich isdesigned make each test better than the others under certain

specific circumstances.

Results
Using thep-value as an indication of thedfectivenes®f a test to showlepartures

from randomness when such departures actually éixésthree tests that systematically
10
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outperform the others are the binomial test, the Wald testhargtore testThese three
testsexhibit lower p-values than the othéests across a range of effect sizes and sample

sizes (Figures 2:2.5).

Discussion

When choosing a method of data anay#hie researcher showdnsider the
tradeoff between effect size and sufficiesample 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 igntended to further verify the conclusiodisawn from this
comparison.This visual aidllustratesthe 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 repompedalues attenuatetoward either 0.5 or 1.

When analyzing binargt a t a Fi s herttest, ammxhafamilydf e st , t he
power divergence tests are all consistently too conservative relative to the others. These
tests are not as effective at showing deviations fromoianess 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 #athight eye, left eye, or some
combination of the two, the effectiveness of the family of power divergence tests

increases because the dependd&eteeen any two choices is lowered.

11
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The three tests that are more reasonable options for analyzing datargre the
binomial test, the Wald test, ancethcore test. Of these thredjdhly recommend using
the score test. The Wald test was not only far toeammnservative compared with the
binomial and score tests,atso displayedanore noise meaningt is influenced by each
addition observation to a greater degree than is the score/test, sample sizes were
small The binomial tesprovidesthe exact answer to the question of whether a given
binary data set differs from randomnéssbservationsre statistically independent from
one anotherHowever, it is also quite noisyThe score test is comparable to the
binomial test in efficiacy andprovides a satisfactory balance of statistical behavide
results of the score test are influencexk 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
thatshould be routinely implemented by researchers analyzing binary data.

It hasbeen noted thdiecausescore cafidence intervals (Cls) amarrower than Wald

Cls over a broad range of parameters, score Cls will not prescribe overly large sample
sizes during planning and, therefore, alvays preferred to Wald C{&arciaPerez,

2005) This is important in that it allows researchers to have duality between their test
statistic and confidence intervaDuality betweertiest statistic and confidence intervals
ensures that the Cls actually express the range of values that will retain the null

hypothesigdGarciaPerez, 2005)

12
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Chapter llI

Behavioral Lateralization in Zebrafish and Four Related Speciesnidws

(Osteichthyes: Cyprinidae)

Introduction

In recent years, the study of behavioral lateralization in fishes has become
increasingly extensive. In fact, fishes have been testedwaitty typeof stimuli in
numerous types @pparatusefBisazza, Cantalupo, Capocchiano, & Vallortigara, 2000;
Bisazza & De Santi, 2003; Bisazza, De Santi, & Valloragd©99; Bisazza, Pignatti, &
Vallortigara, 1997a, 1997b; De Santi, Bisazza, Cappelletti, & Vallortigara, 2000; De
Santi, Bisazza, & Vallortigara, 20Q2All of these studiebave contributed to our
understanding of the origsrof cerebral lateralization. Howeveneoareahat has been
overlooked is the study of naige&le biasn motorbehavior of fishein the absence of
any direct stimulus In the context of monocular tests, side bias in motor behavior refers
to an or gani smiétentlytuenitsdbedy in gne directiom thhe aher. It is
a reasonablassumption that arrganism thatlisplays behavioral lateralization during
monocular teshg might also have some inngteeference to turn one direction or the
other. This could be related very generally to human handediéiisout
understanding laterality in the absemdetimuli (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 thaften accompanies such tests. For instance, wshaped
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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 ar@ around the corner wiits left eye. Interpretatioroncerning the
behavior of fishes is also limited in instances when there gently coaxedr prodded
down a runway withmaquariunnet (Bisazza, et al., 2000; Bisazza, et al., 1997a,
1997h.

The intent of discussing thedawsis not todetractfrom regarch that has been
done previously, but to point out the importance of understanding ioeflav
lateralization in itssimplest form,in the absence of stimuli. To that end, this experiment
has been designed with the intent of providing data that caridygrieted very clearly by
removing allvisualstimuli and observing side biases in motor behavidris experiment
investigated behavioral lateralization in five species of cyprinids. The reason for
restricting the study to one family was to examinehyyeothesis that fishes that are
closely related phylogenetically (Figure 3.1) will exhibit similar trendatieralization

(Bisazza, et al., 2000)

Methods

The five speciesxaminedvere composed of an ingroup and two outgroups. The
ingroup consisted dbanio rerio (zebra danio)Devarioaequipinnatuggiant danio), and
Rasbora trilineatgscissortail rasborapased on a recent phylogenic analysis of
subfamilyDanio using mitochondrial 12S and 16S rDNAuigley, et al., 2004) One of
the two outgroups was a near relativarfichthys albonube®Vhite Cloud Mountain

minnow, = white cloud) of the ingroup, and the other was a more distant relative
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(Pimephals promelasfathead minnow) as suggested from recent phylogensigses
of cyprinid subfamilieg(Nelson, 2006; Shunping, et al., 2004)

Fifteen individuals of each species were obtaimedhe same date from
commercial sources. The fishes were houséd .in&céylic aquaria in groups of five at a
sustained temperateiof 22+1 °C and with 12:12 hour ligdark cycle. They were fed
flake food once dailyo satiation Five individuals, one from each species, were kept in
each aquariumot only to allow some behavioral interaction, but atsallow
identification ofindividuals The fish were acclimated to their new environment for one
week before testing.

Each fish was sub | aend nuliiplettimeslenis 6 T6 shaped
experiment took advantage of rheotaxis by running a slow current of water through each
arm of the test apparatus (Figure 3.®).both arms the current velocity)easured by a
MarshMcBirney Flo-Mate meter, was consistently 0.1m/s. This allowed thetdidie
tested without havingp be pushed or coaxédroughthe runway. Each fish waseged
once perday. Ondo t wo i denti cal wadadsigsed mmendybsa ppar at
administered to all ahe fishes on the day of testingdditionally, the cardinal direction
the apparatus faced was randomly designated as either north or soluehday of
testing. Individual fish were tested 40 times to characterize individual lateral preference,
average preference, and variation in preference for each spebieslirdction that each
fish chose was recorded for each test.

A pilot study was arried 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
21



Texas Tech UniversityCurtis R. Stennett, May 2009

with the intention olising 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 chrity 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 imeeach a

the test apparatus be equal. Wdice is operationally defined in this context &0a

turn to the left or rightipon reaching the end of the apparatus.

The test apparatuses were housed in a small room measuring approximately 3m
by 5m. The roomid 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 jgparatuses.

Individual laterality was evaluated usingveo-tailed score test of the logit scores
(GarciaPerez, 2005; Krishnamoorthy & Peng, 2Q0WYithin-species lateralization was
characterized usinginglesample, twetailedt-tests basedn the itted value of the
proportion d right turns after the data wefited to either the bethinomial model or the
binomial model, whichever provided the best fit. The Hmt@mial distribution is a
model of binomial overdispersion. It invokes an addalgarameterd, whichis a
measure of variation of the binomial paramgtamong individuals This allows the
researcher to perform hypothesis testing of the data using a model that is most
appropriate.A oneway ANOVA was used to test fatifferencesamong speciesA chi-

squared test of the lelkelihoods was implementeid assespairwise differences among
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species. A sequential Bonferroni procedure was performed on the probabilities from the
chi-squared tedb adjust for multiple simultaneous coamsons(Holm, 1979)
Homogeneous subsets were then constructed tlengaximurikelihood method.

As with any repeated behavioral test, there is always the possibility of
conditioning(=habituation, acclimationjccurringwithin the test gsbjects. This was
examinedboth by inferential and exploratongethods.For each individual, arle graph
of running averagewith a window of 5 #servations wasonstructedainda goodnesf-
fit test was conducted to test whether thgusmce of turns for each individual fish was
consistent with theibomial expectations of a firgirder Markov proess(Davis, 1986;
Edgington, 1995)

A power divergence goodnesesfit test was used to check for any overall effects
of apparatus and cardihdirection 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 proportiof 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 #hgrand mean proportion of right turns across all individualsanalyses

were performed using functions written in Maffab6.3 (Strauss, 2008)

Results
Two-tailed score tests revealed that méislg 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 prefeeefor 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 3.37).

Singe-sample twetailedt-tests revealed significant lateralization in the speties
albonubeqt;4=2.16,P=0.04),D. aequipinnatugt;,=4.31,P<0.01)andD. rerio
(t14=6.31,P<0.01) (Table 3.2). Tleet-tests for spdes lateralization were based the
predicted proportions of the bei@gnomial model or, in the case Df rerio, the binomial
model. In all of the species excdptrerio, the proportions obtained after fitting the
betabinomial distribution were preferred tboseobtained from théinomial distribution
because they were able to account for more of the variance withiegpective species
(Table 3.3.

An ANOVA of individual logit scores showed a significant differearsong
the speciesH; 70=3.77,P<0.01). R. trilineatawasfound tocompriseone subset, while
all other species examinedmprised the other subset (Table 3.4).

As can be seen from the graphs of running averages for individuals of each
species, conditioning (=habituaticacclimation does not appear to hawecurred
(Figures3.83 . 12) . I f conditioning occuromeed t hat
would see a general trend of the running average increase or decrease owmvairts a
value of, in this case, 0 or All tests for autocorrelation bag®n a firstorder 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 “xBR4RM036). This méarsshat(the distribution of right turns
of the fishes was nalifferent 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 imposdntresult of this study was the number of individual fishes that
were significantly lateralized. This is easily overlooked when viewing wgpeties
data because a species that contains lateralized individigtisnot be lateralized at the
population leel due to directionality differences in laterality of individuals. These
findings support the notion that behavioral lateralizaseems to be homologquet least
among fishesandpossibly amondpigher vertebrates in genef&ogers, 2000;
Vallortigara & Bisazza, 2002)All of the fishes used in this experimentrevéested
individually for lateralization Observing the behavior of an individual fish that normally
belongs to a school or shoal, although very informativalsis somewhat unnatural.
Eventhough individuals of a population may have inherent tendencies tmtopposite
directions, those tendencies may be overridden by the effects of living in a school.

In general, the datand resultpresented here spgrt the claim that fishes that
are closely related phylogenetity exhibit similar trendsn lateralizationBisazza, et al.,
2000) Additionally, fishes that are related ecologically might develop similar trends in
laterality due to very similar pressures imposed on théhis is seen from the

constuction d homogeneous subsets (Table)3.#he only species that did not fit into a

25



Texas Tech UniversityCurtis R. Stennett, May 2009

subset with the others k. trilineata whichhad 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 tonderstand whether behavioral lateralization in fishes
has a phylogenetic component a much larger study with a very diverse group of fishes
would need to be conducte@Vithin the scope of this experiment, it is inteneg 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 biasek.is worth noting that it is qte likely that

behavioral lateralizatiom fisheshas a strong phylogenetic component as some
researchers have found that it is highly heritable among lab maintained livestock
(Bisazza, Dadda, Facchin, & Vigo, 200 However, it might be more informative to
performresearch on the phylogenetic components of lateralization with stimulus
dependent experiments due to the fluctuating nature and freqdepeypdentosts and
benefitsassociated with turning biases alone.

From the work of Bisazza et al. (2007) we kndattdirection of lateralization is
highly heritable in at least one species of small freshwater fish. Even in instances when
individuals were initially selected for being ntateralized, subsequent generations
generally became increasingly variable iming 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 pdatunder various ecological pressures. Another
proximate cause for lateralization that has been suggested, at ldastdabp, 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 @hyerio exhibits a

rightward bias in the startle response known ds@ds. This is particularly interesting
because in this investigati@h rerio was the only species that did not include any
individuals with a leftward turning bias (Figure 3.7). In this rdgawould 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 disiwitand 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 (Figus)3.3
This seems counterintivie unless a fish stands to gain some advantage by tumihg
oppositedirectionfrom the school. This is the case with frequedependent natural
selection, which implies that a givenitria advantageousnly when is frequency in a
population igquite low(Vallortigara & Bisazza, 2002)If frequencydependent natural
selection is occurring in a population, then any observations of the direction or strength
of lateralizaton must be regarded as simply an observation in time of a quickly and
continually fluctuating attribute.

ExcludingR. trilineatg each of the remaining species in this study exhibited a
large proportion of individuals lateralized in the same directi@rO@0). 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 veigsbnethat 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 asymmetrgrass 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 anelgzong analyses,
that this observed polymorphism in populatiemel behavioral asymmetries can be an
evolutionarily stable strategy if individuals that behave asymmetrically must interact with
other individuals who behave asymmetrigg(Ehirlanda, Frasnelli, & Vallortigara, 2009;
Ghirlanda & Vallortigara, 2004)

Regardless of its origin or cause, the significantly rigiased behavior observed
in these species ié¢ 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 proportigeytstatistics, pvalues

and sequential Bonferroni significance decisions h o wn . *Significan
Species Proportiod Lower 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 *
P. promelas| 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
T. albonubed 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
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Table 3.1 continued.

Species Proportiod Lower CI| Upper CI| y4 | 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

R. trilineata 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 -390 <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

D. aequipinnatus| 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 *
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Table 3.1 continued.

Species ProportiodLower 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
D. rerio 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
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Table 3.2 Summaryof within species lateralization by singgample twetailedt-tests
performed on estimated sample proportions obtHay fitting the daéa for each species

to the betebinomial 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 betabinomial model was the better fit for all of the species expecerio, in
which case the general binomial model was used.

Statistics and P. T. R. D. D.
Parameters promelas| albonubes| trilineata | aequipinnatus| rerio
mean 0.56 0.57 0.48 0.63 0.63
sample standard
error 0.04 0.04 0.03 0.03 0.02
variance | 33.10 31.50 20.21 24.78 9.43
mean 0.56 0.57 0.48 0.63 0.63
standard
model | 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 pairwis€-statistics with 1 and 29 degrees of freed®values
above diagonal (based on 1000 iterations) and sequential Bonferroni significance
decisions below diagonal. Diagonal elements indicate homogeneous subsets based on

sequential Bonferroni c¢critical limits (U=0
Species P. promela$T. albonubejf'R. triIineata|D. aequipinnatu|D. rerio
F=0.10 F=3.06 F=2.31 F=2.25
P. promelas A
P=0.76 P=0.09 P=0.15 P=0.17
T. albonubes ns A F=4.45 F=1.45 F=1.23
P=0.04 P=0.23 P=0.28
R. trilineata ns ns B F=12.09 F=17.63
P<0.01 P<0.01
D. aequipinnatu ns ns s A F=0.15
P=0.67
D. rerio ns ns s ns A
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Table3.5 P-values and mean squared errors obtained from a goedfiésgest
designed to test whether the sequence of turns of each individual fish differs from the
binomial expectations of a firstrder Markov process.

Species

P. promelas

Fish

P-value

MSE

1 2 3 4 5 6 7 8 9 10 11 12 13
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
0.01 <0.01<0.01 <0.01 <0.01<0.01<0.01 0.01 0.01<0.01 0.01 0.02<0.01

14
0.88

0.01 <0.01

15
0.80

Species

T. albonubes

Fish

P-value

MSE

1 2 3 4 5 6 7 8 9 10 11 12 13
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
0.01 0.02 0.04<0.01<0.01 0.01<0.01<0.01<0.01 0.01<0.01<0.01<0.01

14
0.78
0.05

15
0.97
0.03

Species

R. trilineata

Fish

P-value

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

14

MSE

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
<0.01<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

15
0.84
0.01]

Species

D. aequipinnatus

Fish

P-value

MSE

1 2 3 4 5 6
0.99 0.90 0.87 0.92 0.86 0.99
0.04 0.01 0.01 0.01 0.01<0.01

7 8 9 10 11 12 13 14
0.99 0.99 0.84 0.99 0.83 0.99 0.86 0.83
0.01<0.01 0.01<0.01 0.01<0.01<0.01 0.01

15
0.82
0.02

Species

D. rerio

Fish

P-value

MSE

1 2 3 4 5 6
0.80 0.99 0.99 0.99 0.99 0.99
0.04 <0.01<0.01 <0.01 <0.01<0.01

7 8 9 10 11 12 13 14 15
0.99 0.95 0.99 0.99 0.99 0.81 0.90 0.99 0.99
0.01<0.01 0.01 0.02<0.01 0.02<0.01<0.01 <0.01
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Pimephales promelas®

Tanichthys albonubes?

Rasbora trilineata *

Devario aequipinnatus’

Danio rerio*

Figure 3.1Phylogeny oftudied species

1Ingroup. *Nearer outgroup?Further outgroup
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7cm

V 40 cm

40 cm CURRENT DIRECTION > c“UA

Figure 3.2. Tshaped test apparatus. Arrows indicate direction of flow.
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