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Social behavior has long fascinated researchers in anthropology, psychology, and 

biology.  We used the zebrafish, Danio rerio, a biomedical model system, in our 

investigations of shoaling, a social behavior engaged in by the majority of fishes over the 

course of their development.  Shoaling is an adaptive behavior that impacts an 

individual’s access to mates, ability to forage, and its vulnerability to predators. In the 

following work we used binary preference tests to establish the existence of a visually 

mediated shoaling preference.  We then used classical cross-rearing methods coupled 

with a recently isolated pigment pattern mutation to examine the interplay of genes and 

environment in determining this visual preference.  Finding that early life experience 

played a key role in determining shoaling preference, we then developed basic staging 

criteria for the post-embryonic zebrafish.   We tested individuals at a variety of stages to 

determine the onset of both shoaling behavior and the first appearance of the visually 

mediated preference.  In our later work we used the combination of binary preference 

tests and multidimensional scaling to examine the interior visual world of zebrafish with 

regards to shoaling interactions.  We quantified the visual signals presented by a broad 
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panel of zebrafish pigment pattern mutants, and closely related species, using reflectance 

spectrophotometry and a recently developed image analysis protocol.  We tested a group 

of subject fish, controlling for their early life experience, giving them all possible pairs of 

the stimulus fishes.  The results of these tests coupled with multidimensional scaling 

allowed us to build a model of the interior visual world of zebrafish.  We then used the 

physical measures of the pigment pattern signal in an attempt to explain the variation 

exhibited in the model.  While these measures explained little of the variance in the 

model, we found dramatic differences between the processing of visual signals by male 

and female subjects.    
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Chapter 1:  Introduction 

 
…ό ανθρώπος φυσει πολιτικον ζώον 

Aristotle, Politics  
 
 

“…The human being is by nature a social animal” (Aristotle 1992, for a 

discussion of the translation see the Appendix).  At the very birth of Western 

philosophical thought, Aristotle acknowledges the salience of social behavior.  He and 

many of his Hellenic forebears had a deep understanding of the inherently social nature 

of human beings.  Aristotle spends most of his 4th century work Politics discussing the 

interactions between husband and wife, parent and offspring, ruler and servant, family 

and town, and between groups within the polis or city state.  These writings would 

become the foundation of the fields of economics and political science, but they stemmed 

from a desire to understand social behavior and thereby gain insight into what it meant to 

be human. 

HISTORICAL BACKGROUND 

Aristotle was not interested in simply describing the behavioral phenotypes 

present in human societies; he sought to understand both the origins of social behavior 

and the results.  Although he had no concept of evolution by natural selection, he lists in 

Politics several reasons for the origin and maintenance of social behavior:  reproduction, 

foraging, shelter and safety from predators or competitors.   Many great thinkers would 

address human social and political interactions and come to many of the same 

conclusions.  Espinas (1924) presents a beautiful and comprehensive overview of 

philosophical thought on human societies from Aristotle and Plato, through Locke and 
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Hobbes and completing his survey with Kant and Hegel.  Espinas’s introduction is 

perhaps the most scholarly and elegant piece of work I have had the pleasure of reading, 

and it is made only slightly more compelling by the ban placed on it by his thesis 

committee and various ecclesiastical authorities when he first submitted it in 1877.  These 

individuals felt that the links drawn by Espinas between human societies and the societies 

of animals were far too controversial. This ban would prevent the publication of 

Espinas’s thesis in full until a year after his death in 1923.  Unfortunately the intractable 

nature of human beings as a study system coupled with the inability of even great minds 

to approach their own species in a truly objective manner would render the hypotheses 

generated by early researchers largely untestable.    

Researchers in biology, however, have made progress understanding the origins 

and maintenance of social behavior by studying other more experimentally tractable 

organisms, rather than humans.  Darwin (1859; 1871) would provide the framework of 

natural and sexual selection that explained Aristotle’s previous assertions.  Variation in 

an organism’s reproductive ability, foraging success, ability to procure shelter and avoid 

predators would greatly affect its fitness.  An increase in fitness concurrent with social 

behavior would maintain social behavior in populations that expressed a social 

phenotype.  The origins of social behaviors and the mechanisms mediating aggregation, 

however, remained unexplained and researchers would spend much of the late 19th and 

early 20th centuries attempting to understand them.   

CLASSIFICATION AND DEFINITION 

The classification of variation in social behavior or types of aggregations was 

critical to further work in the field as a robust schema provides the intellectual framework 

necessary to address questions across taxa.  Espinas (1924), Deegener (1917; 1918) and 

Wheeler (1928a; 1930) proposed different systems for classifying the incredible diversity 
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of animal aggregations.    Espinas’s classification system, though quite rudimentary, 

presented a robust foundation for later more comprehensive systems.  He proposed a 

broad system breaking the variation present into three groups.  He termed groups 

composed of more than one species parasitic, commensal or mutualistic.  The second 

broad type of group, those containing only conspecifics, Espinas further subdivided into 

feeding or reproductive aggregations.  Reproductive groups could form simply for the act 

of copulation, for rearing offspring, or for both; those comprising parents and offspring 

could extend along the matriline or patriline.  His final conspecific group was the 

peuplade or “tribe” whose members were brought together by external forces and whose 

association could be quite ephemeral. 

Deegener’s (1917; 1918; 1919) work on caterpillar behavior motivated his 

attempt to classify the broad spectrum of aggregative behavior in animals.  He divided all 

groups into “accidental unions” or associations and “essential aggregations” or societies.  

The latter provide a benefit for their component individuals.  The rigor and 

comprehensive nature of Deegener’s work impressed Allee who, with reservations, 

adopted its underlying principle of “essential societies” in his own work.  Allee (1931) 

also felt Deegener’s work deserved recognition because it exposed the arbitrary nature of 

any attempt to compartmentalize naturally occurring diversity.  While comprehensive, 

Deegener’s classification system was burdened by its exacting and unwieldy 

nomenclature (Wheeler 1928a; Allee 1938).  Deegener designated ninety-two different, 

though not necessarily mutually exclusive, types of aggregations and supplied each with 

a Greek-derived name.  A reader need only glimpse at some of these names – 

amphoterosynhesmium, heterosymphagopaedium, or monomorphic patrogynopaedia – to 

understand the failure of the scientific community to embrace this system.  Wheeler felt 

the underlying principle of usefulness to the individual, as supposed by Deegener, was 
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“dubious… since even the most highly integrated animal associations are frequently 

confronted with situations in which membership in the society involves the destruction of 

the individual” (Wheeler 1928a, p.4).  Deegener’s most lasting contribution was his 

recognition of the existence of “instinctive associations,” groups brought together by 

mutual attraction rather than objective benefit (Deegener 1917). 

Wheeler’s (1928; 1928a) interest in the eusocial Hymenoptera led him to develop 

a classification of animal aggregations from solitary to eusocial (Wheeler 1928a, p.12). 

This system described a stepwise progression or hierarchy centered on mother-offspring 

interactions that varied in the amount of provisioning given the offspring and the overlap 

of generations.  This system might apply well to the social insects, but would not prove 

terribly generalizable.  Wheeler’s second attempt at a classification system (Wheeler 

1930) would build on Espinas’s work and cover not only the social insects but all types of 

aggregations.  He first divided groups by their level of integration and permanency.  

Those groups with low integration might be passively collected, swept to a given place 

by wind or tide, or aggregate via response to the same environmental variation, such as 

flying insects around a street lamp.  Other loosely integrated groups would be predators 

and prey, parasite and host, or commensals and symbionts.  Groups showing higher 

integration and permanency would be further subdivided into trophic, reproductive and 

protective societies (Table 1).  While seductive in its simplicity, no sharp natural 

distinction is evident between degrees of integration and permanency and hence any 

division imposed by the researcher would be arbitrary.  

Each of these classification schemes is, at its heart, an attempt to define a social 

group as opposed to a non-social or sub-social aggregation.  Researchers needed a clear 

and workable concept of sociality to address questions concerning social behavior in a 

broad range of taxa.  Allee, while in many ways the father of the study of aggregatory 
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behavior in animals, did not leave us with a particularly useful definition of a social 

group.  He defined a social aggregation as one from which the members derive a benefit 

(Allee 1931; Allee 1938).  While satisfying and testable to someone with Allee’s 

background in animal physiology, students of evolutionary biology found this definition 

circular.  A group is social if its members derive a benefit from being a member of it, and 

social behavior is maintained because social animals derive a benefit from aggregating.  

Clearly a less tautological description was necessary and one of Allee’s contemporaries, 

William Morton Wheeler, eventually provided a more acceptable definition. 

Wheeler first defined a group as social if it contained a single species with 

overlapping generations and division of labor (Wheeler 1928a).  Researchers in eusocial 

insect behavior and evolution would adopt this definition, with some alterations, for the 

eusocial behavior of certain insects, but it would prove too narrow for use in the study of 

social behavior in other taxa.  Wheeler’s second attempt, (Table 1) based largely on 

Deegener’s (1918) and Alverdes’s (1927) distinction between intrinsic and extrinsic 

forces, defines a social group as formed by an attraction between its members rather than 

some heterogeneity in the environment.  This definition is both experimentally tractable 

and avoids any circularity, and has appeared in many permutations throughout the 

intervening ninety years (Parr 1927; Breder 1959; Radakov 1973). 

The 1930’s saw the end of sweeping attempts to classify social interactions across 

all of the diversity of life.  Researchers focused their attention on subsets of taxa hoping a 

bottom up inductive approach might succeed where the early top down, large scale 

classification systems had failed.  Occasionally researchers interested in a subset of taxa 

attempt to classify the diversity of social behavior within these groups.  Most of these 

attempts would show the same shortcomings evident in earlier work.  Definitions would 

either be too restrictive to be of much use (Crespi and Yanega 1995) or the primary 
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criteria of classification would be too narrow or arbitrary (Sherman et al. 1995).  While 

none of these systems is practical in its entirety, they do expose certain interesting points.  

Groups that lie at the interstices of the different classification criteria can provide insight 

into the transition of organisms from solitary to social behavior.   

Shoals of fish are a classic example of one of these transitional groups, and so 

provide an interesting study system for investigating the origins and maintenance of 

social behavior.  They play a role in trophic interactions, reproduction and protection.  

They provide a benefit to the individual members.  Their permanency varies both over 

the course of a day-night cycle and throughout development.  Both environmental factors 

and intrinsic preferences play roles in a shoal’s formation and persistence.   

SHOALING: OBSERVATION AND MECHANISM 

Much of the early research on fish shoaling either attempted to describe the 

behavior or investigated the mechanisms underlying the behavior.  Radakov (1973) gives 

the broadest review of this work, primarily because he is the only author to integrate the 

work done by researchers both in the West, and in the former Soviet Union.  Researchers 

and natural historians knew since the time of Aristotle that fish aggregate and fishermen 

have capitalized on it since time immemorial, yet this form of social behavior was largely 

ignored by biologists until Parr’s seminal work on the subject (Parr 1927).  Parr described 

aggregations of fish and afforded a workable definition for fish social groupings.  He 

made the distinction between groups brought together purely by environmental factors, 

which he termed aggregations, and those brought together by “biosocial factors, mutual 

attraction and adjustment of direction,” which he termed schools.  The “biosocial factors” 

Parr referred to are synonymous with the intrinsic “attractive forces” mentioned by 

Wheeler (1930).  Many later authors would repeat this basic intrinsic-extrinsic dichotomy 

with slight variations (Keenleyside 1955; Breder 1959; Shaw 1960).   Breder codified 
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another distinction between fish groups (Breder 1959).  He saw the aggregation as a 

group of fish brought together by some form of mutual attraction but showing more or 

less random orientation, while a school of fish was polarized and more tightly spaced.  

Later researchers, myself included, have used the term “shoal” for Breder’s aggregation, 

while Radakov (1973), among others, dismissed this distinction as entirely arbitrary. 

Early researchers exerted considerable effort describing the effects of variation in 

the environment on shoaling and schooling behavior.  They sought to understand the 

effect of variation in the light environment, temperature, and size and composition of the 

group (Breder and Halpern 1946; Breder 1959), as well as the effects of toxins and 

crowding (Allee and Schuett 1927; Allee 1931).  Others were interested in the means of 

communication between members of the group or individuals seeking to join such a 

social unit.  Visual, tactile, chemosensory and hydrodynamic cues all play a role in these 

interactions (Breder and Halpern 1946; Keenleyside 1955).  Much of the later behavioral 

ecological work on shoaling and schooling, including the work I present in the following 

chapters, is founded on this interest in communication systems. 

This work also led to an interest in modeling these interactions for predicting 

aggregative behavior.  While proposed as early as the 1950’s (Breder 1959), the 

technology necessary to measure fine scale interactions between relatively small animals 

was not available until much later (Radakov 1973) and the computation power necessary 

to execute these programs lagged even further behind (Aoki 1980).  Though computer 

models of schooling behavior have provided great insights into certain aspects of the 

dynamics of schooling once the group is established (Kunz and Hemelrijk 2003; 

Hemelrijk and Kunz 2005), it has done little to enlighten us with regards to the forces 

causing group formation.  
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SELECTIVE ADVANTAGES 

Interestingly, Allee and his students were among the first to elucidate the concrete 

benefits to aggregative behavior in fishes.  Using goldfish, Carassius auratus, as their test 

animal, they showed that groups of fish could tolerate higher concentrations of a toxin, 

colloidal silver, in their water than solitary fish (Allee and Schuett 1927; Allee and 

Bowen 1932).  The synthesis of the late 20th century which brought behavioral ecology to 

the fore in the study of animal behavior saw a redirection of the research on social 

behavior in fishes.  Behavioral ecologists sought to understand the selective advantages 

that maintained social behavior.  The basic aspects of behavior that behavioral ecologists 

study were those proposed by Aristotle some 2,500 years earlier: reproduction, foraging, 

shelter and safety from predators and competitors. 

Krause and Ruxton (2002) provide an excellent review of the behavioral 

ecological work on animal aggregations. The reproductive benefits of shoaling proceed 

from an increased access to mates.  Allee’s most famous work on the costs and benefits 

of aggregative behavior (Allee 1938) showed the cost at the population level of a sparse 

geographic distribution.  At the individual level, if the distance between an organism and 

its nearest conspecific is substantial with regard to its vagility then it risks the chance of 

never encountering a receptive mate.  The Allee effect is the resultant decline seen at the 

population level.  Shoaling fish are surrounded by prospective mates, but this benefit is 

countered by the increased competition brought about by the higher spatial frequency of 

prospective competitors for that receptive mate (Krause and Ruxton 2002). 

Shoaling also increases foraging ability through increased efficiency in finding 

food (Baird et al. 1991), increased access to food patches (Sackley and Kaufman 1996), 

and increased efficiency in exploiting food patches (Magurran and Pitcher 1983).  The 

benefits of shoaling in predator avoidance are well documented (Magurran and Pitcher 
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1987; Godin 1988).  Predator inspection allows fishes to find and discourage ambush 

predators (Jakobsson and Jarvi 1978) and the confusion effect decreases a predator’s 

ability to capture individuals in a group (Milinski 1979; Landeau and Terborgh 1986).  

These benefits are in turned countered by an increased susceptibility to parasites and 

pathogens borne by their shoal-mates (Cote and Poulin 1995). 

In their attempts to find the intrinsic factors and the mechanism mediating 

shoaling, investigators largely ignored the role played by development.  This is odd given 

the wonderful work by Lorenz on the imprinting of greylag geese, and the importance of 

early life experience in this process documented in Der Kumpan in der Umwelt des 

Vogels (Lorenz 1935).  Studies of a number of taxa revealed the importance of early life 

experience and developmental timing on any number of social behaviors from maternal 

care (Harlow et al. 1963) to mating signals (Marler and Tamura 1964) to aggressive 

interactions (Cornwell and Fuller 1961).  Yet, aside from Shaw’s work on the onset of 

shoaling behavior in silversides (Shaw 1960; Shaw 1961), this aspect of aggregative 

behavior languished until McCann began his work on species recognition in fishes. 

Originally attempting to discover species recognition mechanisms in fishes, 

McCann performed classic isolation and cross-rearing experiments between the zebrafish, 

Danio rerio, and a closely related species, the pearl danio, D. albolineatus (McCann and 

Carlson 1982).  He used preference for one type of shoal over another as a metric for 

species recognition and found that cross-rearing and isolation seemed to dampen the 

zebrafish’s ability to recognize its conspecifics as suitable shoal mates (McCann and 

Matthews 1974; McCann and Carlson 1982). 
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MOLECULAR BIOLOGY AND A RETURN TO MECHANISM 

Research in molecular biology in recent years has uncovered some of the genetic, 

physiological and structural underpinnings of social behavior.  This work has established 

the link between variation in reproductive behavior and variation in the expression of 

various hormones (Cushing and Wynne-Edwards 2006), and between activity in various 

areas of the brain during learning and processing of mating signals and the expression of 

immediate early genes (Terpstra et al. 2006).  Some of the work done in biomedical 

model systems is extraordinary.  In the nematode, Caenorhabditus elegans, the 

propensity to aggregate at a food source is due to a loss of function allele at a single locus 

(Kubiak et al. 2003). Work on the slime mold, Dictyostelium discoideum, has shown the 

environmental factors that initiate aggregation and the chemical signal used to stimulate 

the formation of the fruiting body (Khosla et al. 2006; Wang and O'Halloran 2006).  

Preliminary work on D. rerio has identified areas of the genome that may explain some 

of the variation in shoaling propensity in different populations (Wright et al. 2006). 

NATURAL HISTORY OF D. RERIO 

We used the zebrafish D. rerio in the following work.  D. rerio is a cyprinid fish 

whose distribution extends from the Deccan highlands of Central India, North to the 

foothills of the Himalayas in Nepal, West to Kashmir and East through Bangladesh into 

the Eastern Indian States of Assam and Manipur (Talwar and Jhingran 1991).  Zebrafish 

are diurnal micropredators that occupy rivers streams and rice paddies throughout this 

range (Talwar and Jhingran 1991).  They reproduce via external fertilization, and scatter 

their non-adhesive eggs over the substrate.  Post-fertilization, they engage in no parental 

care.  D. rerio is a member of the clade consisting of the genera Danio and Devario 

containing some 46 species (Kullander 2001; Fang 2003). 
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SYNOPSIS 

The work presented in the following chapters is my attempt to bring together 

some of the disparate aspects of research on social behavior.  Using a biomedical model 

organism provided a broad array of tools for examining the interplay of genes, 

environment, and developmental processes in the determination of social behavior. 

Chapter 2 builds directly on McCann’s work (McCann and Matthews 1974; McCann and 

Carlson 1982), but refines the research by utilizing, as a rearing and test stimulus, a 

zebrafish mutant that was only recently isolated.  This work provides a base line for the 

rest of my doctoral research, establishing the existence of a visually mediated shoaling 

preference and the importance of early experience rather than genetic variation in 

determining this preference.  My attempts to correlate changes in the development of the 

visual system with the developmental timing of shoaling behavior led to the work 

presented in Chapter 3.  This work fills some of the gaps in our knowledge concerning 

the ontogeny of social behaviors in this species.  The availability of a variety of closely 

related species and a broad array of pigment pattern mutants provided the raw material 

for the multidimensional scaling analysis presented in Chapter 4.  Previous work on the 

visual system of the zebrafish allowed the examination of the interplay of the visual 

system and shoaling preference presented in Chapter 4.  The ease of care and breeding of 

the zebrafish made it possible to maintain stocks large enough for the relatively large 

scale experiments presented herein.   
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Table 1:  Animal Aggregations (modified from Wheeler 1930) 

 
A. Associations:  Loosely integrated, relatively unstable, and temporary systems  
                             primarily dependent on the reactions of individuals to environmental  
                             stimuli 
 
 1.  Passively collected aggregations or agglomerations. 
  homotypic (containing only one species) or heterotypic (containing more  
  than one species) 
 2.  Actively collected aggregations or agglomerations.   
  homotypic or heterotypic 
 3.  Food chain associations 
  a)  Predatory 
  b)  Parasitic 
 4.  Commensal associations 
  heterotypic 
 5.  Mimetic associations 
  heterotypic 
 6.  Symbiotic or mutualistic associations 
  heterotypic 
 7.  Communities  
  heterotypic 
 
B.  Societies:  More closely integrated, more stable, and permanent systems primarily  
                       dependent on reactions of individuals to each other 
 
 1.  Multicellular organisms  
 2.  Organically interconnected colonial organisms forming closed societies chiefly  
      nutritive in function, e.g., sponges 
   homotypic 
 3.  Mainly reproductive societies closed, e.g., sub-social insects and social insects  
      such as bees, ants, and termites 
  homotypic (with parasites, commensals etc.) 
 4.  Mainly protective societies, closed and open, e.g., flocks, herds, and schools 
  homotypic (with parasites, commensals etc.) 
 5.  Anthropoid societies; group societies 
  homotypic (with parasites, commensals etc.) 
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Chapter 2: Learned Social Preference in Zebrafish 

SUMMARY 

How social aggregations arise and persist is central to our understanding of 

evolution, behavior, and psychology (Darwin 1882; Schneirla 1965; Wilson 1971).  

When social groups arise within a species, evolutionary divergence and speciation can 

result (Bolnick et al. 2003; Hochberg et al. 2003). To understand this diversifying role of 

social behavior, we must examine the internal and external influences that lead to 

nonrandom assortment of phenotypes (Autumn et al. 2002).  Many fishes form 

aggregations called shoals that reduce predation risk while enhancing foraging and 

reproductive success (Magurran 1994; Lachlan et al. 1998; Krause et al. 2000). Thus, 

shoaling is adaptive, and signals that maintain shoals are likely to evolve under selection.  

Given the diversity of pigment patterns among Danio fishes (McClure 1999; Kullander 

2001; Parichy and Johnson 2001; Parichy 2003), visual signals might be especially 

important in mediating social behaviors in this group.  Our understanding of pigment 

pattern development in the zebrafish D. rerio (Rawls et al. 2001; Quigley and Parichy 

2002) allows integrative analyses of how molecular variation leads to morphological 

variation among individuals and how morphological variation influences social 

interactions.  Here, we use the zebrafish pigment mutant nacre/mitfa (Lister et al. 1999) 

to test roles for genetic and environmental determinants in the development of shoaling 

preference.  We demonstrate that individuals discriminate between shoals having 

different pigment pattern phenotypes and that early experience determines shoaling 

preference.  These results suggest a role for social learning in pigment pattern 

diversification in danios. 



 14

RESULTS AND DISCUSSION 

A diversity of communication systems mediate social behavior, and though the 

functional aspects of these systems have been well studied (reviewed in Krause and 

Ruxton 2002), little is known of their underlying genetic and molecular mechanisms.  

The zebrafish system affords us both an organism that engages in a variety of social 

interactions and a set of developmental and molecular tools particularly well suited to 

examining the proximate mechanisms responsible for these interactions.  For example, a 

diverse array of adult pigment patterns is exhibited by different Danio species, and 

species with dramatically different pigment patterns co-occur in natural populations 

(Talwar and Jhingran 1991; Monkolprasit et al. 1997); California Academy of Sciences 

Ichthyology Collection catalog numbers CAS134662 and CAS140204).  The pigment 

patterns of fishes are associated with a variety of behavioral interactions, including 

shoaling, predation avoidance, species recognition, and mate choice, and such patterns 

have had important roles in adaptive radiations and speciation (Endler 1983; Houde 1997; 

Couldridge and Alexander 2002; Allender et al. 2003; Santos et al. 2003).  In D. rerio, 

numerous single-locus mutants affecting the pigment pattern have been isolated, and 

several of the corresponding genes now have been identified at the molecular level 

(Lister et al. 1999; Parichy et al. 1999; Kawakami et al. 2000; Parichy et al. 2000; 

Parichy et al. 2000a).  Such mutants provide an opportunity to dissect the ecological and 

behavioral significance of pigment patterns at a level not previously achieved.  Here, we 

used a pigment pattern mutant that differs dramatically from wild-type to determine if D. 

rerio exhibits variation in their shoaling preference, if that preference is mediated through 

visual signals, and what roles internal and external factors play in the acquisition of such 

a preference. 
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As a first step in dissecting the behavioral roles of the zebrafish pigment pattern, 

we compared the shoaling preferences of wild-type fish and nacrew2 mutants (Figure 1).  

nacre mutants completely lack melanophore stripes owing to a recessive point mutation 

in mitfa, which encodes a basic helix-loop-helix transcription factor that normally acts 

autonomously to the neural crest-melanophore lineage to specify melanophore fate 

(Lister et al. 1999; Goding 2000).  We generated families segregating the nacre 

phenotype by backcrossing nacre heterozygotes (maintained in the wild-type strain ABUT 

background) to nacre homozygotes.  Offspring from these crosses were phenotypically 

either wild-type (nacre/+) or nacre mutant (nacre/nacre).  This design randomizes across 

effects of other loci that are not linked to the nacre mutation. 

We sorted subject fish prior to hatching into three treatments:  controls (reared 

with three siblings of the same phenotype), isolates (reared alone), and cross-rears (reared 

with three siblings of the alternate phenotype).  Fish were maintained in these conditions 

throughout the experiment.  When fish developed adult pigment patterns, we tested 

shoaling preferences by placing individual subject fish (n = 219) in a test tank containing 

separate wild-type and nacre stimulus shoals (Figure 2).  Prospective shoaling partners 

were derived from excess siblings of both phenotypes that had been pooled at the outset 

of the experiment.  Each stimulus shoal contained two males and two females that were 

size matched to the subject.  A double pane of ultraviolet-transparent Plexiglas separated 

each stimulus compartment from the central compartment.  The resultant air space 

blocked any potential chemical or auditory cues.  Any variation in preference exhibited 

by the subject fish would therefore reflect variation in visual signals alone.  After 

allowing fish to acclimate, we recorded the time subjects spent swimming near each shoal 

during each of two 5 min intervals (methodological details in the Supplemental Data). 
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We asked first whether zebrafish exhibit a native preference for the pigment 

pattern phenotype of prospective shoaling partners.  Our results show that control subject 

fish exhibited a strong, positive assortative preference for their own phenotype: wild-type 

preferred wild-type and nacre preferred nacre (Figures 3A and 3B).  Thus, zebrafish are 

able to distinguish between alternative pigment pattern phenotypes visually, and there is a 

strong preference to shoal with individuals of like phenotype.  This result suggested 

either an effect of early environment or a major effect of nacre or another closely linked 

locus on the preference exhibited by subject fish. 

We then asked whether the shoaling preference of zebrafish is innate and 

independent of early environment by rearing subject fish in isolation.  Unlike controls, 

isolates did not show a preference for either phenotype.  Wild-type isolates spent 259 ± 

84 s (mean ± SD) in association with wild-type shoals and 220 ± 80 s in association with 

nacre shoals (n = 40, t39 = 1.83, p = 0.08, paired two-tailed t-test).  nacre isolates spent 

243 ± 82 s in association with wild-type shoals and 233 ± 70 s in association with nacre 

shoals (n = 37, t36 = 0.53, p = 0.6, paired two-tailed t-test).  This result suggests that early 

experience is critical in the development of shoaling preference. 

To further elucidate the role of early experience in the acquisition of social 

preference, we examined fish crossreared with the alternative phenotype:  we raised wild-

type subjects with nacre mutant siblings, and nacre mutant subjects with wild-type 

siblings.  Figures 3C and 3D show that crossrearing reverses preferences.  Crossreared 

wild-type subjects exhibited a strong preference for nacre mutants, whereas crossreared 

nacre subjects exhibited a strong preference for wild-type.  These analyses suggested that 

rearing treatment, rather than genotype, was the principal determinant of shoaling 

preference.  This role for environment in the acquisition of shoaling preference was 

further confirmed by factorial analysis of variance: comparison of time spent with like 
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phenotype revealed significant effects of rearing treatment (control versus cross-reared, 

F1,138 = 29.43, p < 0.0001), but not genotype (F1,138 , p = 0.7), or genotype by treatment 

interaction (F1,138 = 0.04, p = 0.8; comparing arcsine transformed proportions of time 

spent with like phenotype over time spent in association with both phenotypes).  These 

results are concordant with an interspecific analysis in which wild-type zebrafish spent 

less time with other wild-type zebrafish after crossrearing with pearl danios, D. 

albolineatus, though preferences for zebrafish versus D. albolineatus were not examined 

(McCann and Carlson 1982).  Our experiments demonstrate that early environment plays 

a key role in the acquisition of intraspecific shoaling preference in zebrafish. 

These shoaling preferences were not due to mate preferences.  Our stimulus 

shoals included both male and female fish to simulate naturally occurring mixed sex 

shoals.  Thus, the preference of subjects to associate with one shoal over the other might 

indicate a mate preference.  For example, a female subject might prefer a male in one 

shoal over the males of the other shoal and therefore spend more time with the shoal 

containing the preferred male.  We therefore repeated these tests by comparing the 

responses of wild-type females (raised with other wild-type siblings) presented with all 

female nacre and all-female wild-type shoals, to our wild-type controls (Figure 3A).  The 

response of females to all-female shoals was indistinguishable from that of our wild-type 

controls to mixed-sex shoals.  Wild-type females spent 311 ± 124 s in association with 

all-female wild-type shoals and 189 ± 98 s with all-female nacre shoals (n = 33, t32 = 

3.23, p < 0.005, paired two-tailed t-test).  Times spent with wild-type shoals did not differ 

significantly between all-female and mixed-sex stimulus shoals (n = 33, t32 = 0.23, p = 

0.8, two-tailed t-test; comparing arcsine transformed proportions of time spent with wild-

type over time spent in association with both phenotypes).  Thus, individual behaviors in 

these assays principally reflect social preference rather than mate preference. 



 18

Our results demonstrate that zebrafish exhibit preferences for prospective 

shoaling partners, that such preferences are mediated by visual signals, and that 

preferences for specific phenotypes are acquired during development.  This is the first 

time that social preferences and the effect of early environment on social preferences 

have been shown in a developmental model system.  Our knowledge of the genetic and 

developmental mechanisms underlying the visual signal (i.e., the pigment pattern) offers 

the opportunity to further dissect how early experience interacts with the development of 

behaviors in zebrafish and other species.  Indeed, the availability of pigment pattern 

mutants obviates classical methods for altering fish pigment patterns such as freeze 

branding, dye injection, and video playback.  While commonly used, these manipulations 

are likely to have unpredictable consequences for both the pigment phenotype (given the 

tetrachromatic nature of zebrafish vision, Robinson et al. 1993) and the behavioral 

phenotype (given the small size and fragility of these fish).  The results of this study thus 

set the stage for a complete description of multidimensional preference space (Ryan and 

Rand 2003) and identification of the salient visual elements for shoaling (R.E.E., M.J.R., 

and D.M.P., unpublished data) using the stunning variety of pigment patterns provided by 

zebrafish mutants and double mutants that are one and two mutational steps away from 

the wild-type pigment pattern (Parichy 2003). 

We propose that social preferences of individuals in natural populations also are 

determined by early experience, as it is highly unlikely that the ability to learn 

preferences arose de novo in our wild-type ABUT laboratory strain.  Learned preferences, 

therefore, could have substantial evolutionary and behavioral consequences in nature.  

Zebrafish populations in the wild harbor major-effect mutations including adult pigment 

pattern variants (McCune et al. 2002, D.M.P. unpublished data).  Furthermore, 

laboratory-derived pigment pattern mutants often resemble the naturally occurring 
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phenotypes of other species (Parichy and Johnson 2001).  The results of this study 

demonstrate that pigment patterns serve as visual signals, and early experience with this 

signal variation determines future social consorts.  Thus, a single mutation causes 

dramatic changes in both the signal and receiver, and thereby constrains the social milieu 

of an individual to certain genotypes and phenotypes.  Since mating is more likely to take 

place with others in the same social unit, shoaling preferences can promote assortative 

mating.  Thus, even in the absence of specific mate preferences for pigment pattern, 

shoaling preferences could contribute to genetic divergence.  Our analyses of shoaling 

preference therefore provide a model for how variation at the molecular level can 

potentially impact population level dynamics and speciation. 

SUPPLEMENTAL DATA 

Experimental Procedures 
 
Variation in Preference 

Test Tank 
 

A 122 cm long, 55 cm high, and 32 cm deep all-glass 245 L aquarium was 

divided into three compartments.  The two 25 cm flanking regions were separated from 

the center by a double pane of UV-transmittant Rhöm Plexiglas GS2458 that was sealed 

with silicon adhesive to prevent the flow of any water between the panes.  The 15 mm 

airspace between the two Plexiglas panes would block all chemical communication 

between the compartments and greatly diminish the transmission of auditory cues.  The 

aquarium was lit with a double lamp, 125 cm long, fluorescent fixture (lamped with one 

40 W cool blue tube and one 40 W RepticalTM tube).  The tank was covered on sides and 

back with translucent plastic sheeting.  Washed gravel was used as a substrate covering 
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the bottom of all three compartments.  The aquarium was filled with water to the 25 cm 

level.  The water temperature was maintained at 29°C with a submersible Ebo-Jager 100 

W heater that was removed during testing.  The two 25 cm flanking areas of the inner 

compartment were marked on the exterior of the glass with a black grease pencil to 

demarcate the left and right preference areas (Figure 2). 

Fishes 

We used fish either heterozygous for the nacrew2 (nacre) allele, exhibiting the 

wild-type pigment pattern phenotype (Figure 1), or homozygous for the nacre allele, 

exhibiting the mutant phenotype.  The nacre mutant lacks melanophores and exhibits a 

pigment pattern dramatically different from the wild-type.  This recessive phenotype 

results from a C to T transition that yields a premature stop codon in the locus coding the 

mitfa transcription factor, which normally acts autonomously to the melanophore lineage 

to specify melanophore fate (Lister et al. 1999).  To produce five sibships for use in this 

experiment, we generated crosses segregating the nacre mutant phenotype in the inbred 

mapping strain ABUT background (thereby randomizing across potential effects of other 

unlinked loci).  Wild-type (nacre/+) and nacre mutant (nacre/nacre) sibling were sorted 

into one of three treatments: control raised with three sibs of the same phenotype, isolates 

reared alone, and crossrears raised with three siblings of the alternate phenotype.  The 

embryonic nacre phenotype (Lister et al. 1999) allowed us to sort the embryos into these 

treatments at 60 hr post fertilization.  

Control.  Larvae were placed in transparent 100 ml plastic cups with three fish of 

the same phenotype.  This cup was suspended in a 1 L plastic aquarium, whose sides are 

covered with a translucent plastic sheet on three sides to prevent the fish from observing 

fish in adjacent tanks.  Two holes in opposite sides of the cup with screen glued over 

them allowed water to flow through the cup. 
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Isolate.  Larvae were paced in an apparatus identical to that described above, but 

without any other fish. 

Crossrear.  Larvae were placed in an apparatus identical to that described above, 

but three fish of the alternate phenotype (wild-type for homozygotes, mutant for 

heterozygotes) were placed in the cup. 

In all treatments, when the fish reached 1 cm standard length, they were 

transferred from the cup to the aquarium.  Excess fish from the crosses were pooled and 

raised for use as stimulus fish in the preference assay.  We combined both heterozygous 

and homozygous individuals in these stock tanks, resulting in stimulus fish that had 

experienced both phenotypes. 

Preference Assay 

We measured shoaling preference of the subject fish as follows.  At 90 days 

postfertilization, all subject fish had attained at least 1.5 cm standard length.  Fish were 

then chosen at random from the available subjects and used in the preference assay.  

Opaque plastic barriers were placed at either end of the central portion of the test tank.  A 

shoal of four wild-type (two male and two female, matched in size to the subject) were 

chosen at random from the pooled stocks and placed in one stimulus compartment (side 

determined by coin toss).  A shoal of four nacre fish (two male and two female, matched 

in size to the subject) were placed in the other stimulus compartment.  The subject fish 

was placed in the central compartment.  Shoals of as few as four zebrafish exhibit 

shoaling behavior indistinguishable from larger groups (Breder and Halpern 1946). 

The fish were allowed 10 min to acclimate to the tank.  The barriers were then 

removed and the subject fish was given the next 15 min to recognize both stimulus 

shoals.  Recognition was defined as parallel swimming with a member of the stimulus 

shoal.  The time needed for the fish to recognize both stimuli was noted as the latency.  If 
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the subject did not recognize both shoals in 15 min, the test was aborted.  During the 

following 5 min, the time spent by the subject in either preference area was noted.  The 

barriers were then replaced, the stimulus shoals were exchanged to control for side bias, 

and the above steps were repeated.  The association times noted in these two 5 min 

intervals were combined in the analysis shown in Figure 3 of the main text.  All fish were 

tested by 160 days postfertilization, and days postfertilization had no effect on the 

analysis. 

All-Female Preference Test 

The methods were identical to the previous test except as follows. 

Fishes 

Wild-type subject fish were sorted into cups with three of their wild-type siblings, 

and only female subjects were used in the assay. 

Preference assay 

The stimulus shoals contained only female fish.  All tests were completed by 135 

days postfertilization. 
 

UV Effect 

As full-spectrum lighting was not used in the test tank, we tested for the possible 

existence of a UV effect on shoaling preference.  The test tank and protocol were 

identical to that used by Cummings et al. (2003), with the following exceptions.  The 

subject fish were wild-type zebrafish raised with wild-type siblings, and the stimuli were 

shoals of four wild-type zebrafish (two male and two female, matched in size to the 

subject).  No UV effect was found (mean time ± SD spent with UV+ shoals 253 ± 105 s, 

with UV – shoals 219 ± 94 s, n = 50, t49 = 1.315, p = 0.20, two-tailed paired t-test). 



Figure 1:  Zebrafish Adult Pigment Pattern 

 

A 

B 

A, Phenotypically wild-type, heterozygous nacre and B, homozygous nacre.  
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Figure 2:  Test Tank 
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Figure 3 A and B:  Early Environment Determines Zebrafish Shoaling Preference 

A B

  

A, Wild-type fish raised with wild-type siblings spent more time in association with wild-

type stimulus shoals as compared to nacre stimulus shoals (n = 38, t37 = 3.04, p = 0.004, 

two-tailed paired t-test). 

B, nacre fish raised with nacre siblings spent more time in association with nacre 

stimulus shoals as compared to wild-type stimulus shoals (n = 38, t37 = 3.41, p = 0.002, 

two tailed paired t-test). 
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Figure 3 C and D:  Early Environment Determines Zebrafish Shoaling Preference 
(continued) 

 

C D

C, Wild-type fish raised with nacre siblings spent more time with nacre stimulus shoals 

(n = 35, t34 = 3.03, p = 0.008, two-tailed paired t-test). 

D, nacre fish raised with wild-type siblings spent more time with wild-type stimulus 

shoals (n = 33, t32 = 2.19, p = 0.036, two-tailed paired t-test).  Shown are means ± 95% 

confidence intervals. 
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Chapter 3: Onset of Shoaling and acquisition of the shoaling preference 

Understanding the interplay of development and early experience is critical to the 

investigation of behavior (Schneirla 1957).  Knowledge of the onset and ontogeny of a 

behavior allows us to determine critical periods during behavioral development and 

assess the environmental and genetic factors that give rise to the behavioral phenotype 

(Hultsch and Todt 2004).  Many species engage in aggregative behavior, and exhibit 

ontogenetic variation in their tendency to aggregate (Bowen 1931; Bowen 1932; 

Baerends and Baerends-van Roon 1950; Shaw 1960).  In fishes, aggregations called 

shoals play a key role in foraging, predator avoidance and mating (Pitcher and Parrish 

1993).  Previous work on shoaling in the zebrafish, Danio rerio, has focused on the 

propensity of individuals to shoal (Wright et al. 2003) and the choice of shoal mates 

(Mann et al. 2003).  We have shown that zebrafish express a visually mediated shoaling 

preference and that early environment determines the preferred phenotype (Engeszer et 

al. 2004). A great number of labs have studied the development and genetics of this fish, 

and recently some researchers have begun to study the broad range of behaviors exhibited 

by this species (Orger and Baier 2005; Rosenthal and Ryan 2005). Yet the ontogenetic 

timing of shoaling and the onset of the visual preference has not been determined.  Here 

we investigate both the onset of shoaling behavior and the first appearance of the visual 

preference.  

METHODS 

We assayed shoaling preferences in wild-type zebrafish raised with their wild-

type siblings at various stages in their development to establish both the onset of shoaling 

behavior and the onset of the visually mediated shoaling preference.   
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Fish  

We backcrossed nacrew2 heterozygous fish in the AB background with nacrew2 

homozygotes to obtain sib-ships which contained half wild-type individuals and half 

nacre mutant individuals (Lister et al. 1999).  Fish from these crosses were then sorted 

into either subject treatments or stimulus treatments.  As nacre mutants have an 

embryonic pigment pattern phenotype different from the wild-type (Fig. 4), we were able 

to sort individuals into treatments prior to their hatching.  Subjects were raised with three 

siblings of the same phenotype.  Stimulus fish were raised in groups of four of which two 

were wild-type and two were nacre mutants.   

We raised the fish in opaque cups in which they were visually isolated from any 

fish not in their treatment until they reached one of the following stages. 

We staged fish as per Snyder and Muth (Snyder and Muth 2004) with the 

following addenda.  The stages below are arranged in order of their developmental 

timing, youngest to oldest. 

Preflexion larvae are approximately 3.5 mm standard length and are 

characterized by a continuous fin fold, straight notochord and no fin rays.   

Early flexion larvae are approximately 6 mm standard length and are 

characterized by the upturn of the posterior notochord (urostyle) and the appearance of 

the first caudal fin rays. 

Postflexion larvae are approximately 7 mm standard length and have completed 

flexion and posses well developed hypurals and a bilobate swim bladder (rather than the 

single lobed swimbladder seen at earlier stages). 

Metalarvae are approximately 8.5 mm standard length and have nearly complete 

median fins and pelvic fin buds. 
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Juveniles exhibit complete fins, nearly complete adult pigment pattern, are 

approximately 10 mm in standard length and are not yet reproductively active. 

Adults are over 15 mm standard length and have developed gonads. 

Fish were kept in their treatments until they reached one of the following stages at 

which time we tested them as described in Engeszer et al. (2004 supplemental). 

Test tanks 

The preflexion, early flexion, post flexion, and metalarval stages were tested in a 

tank 22.5 cm x 9.5 cm x 5.5 cm made of 2mm thick UV transparent Plexiglas and filled 

to a depth of 4.5 cm.  The exterior sides were covered with neutral grey photographic 

paper. 

The juvenile stage subjects were tested in a 40-l all glass aquarium (40.5 cm x 21 

cm x 24 cm) filled to a depth of 18 cm.  The sides were covered with neutral gray 

photographic paper. 

Adults were tested in the same tank used in Engeszer et al. (2004). 

Test protocol 

Stimulus individuals were chosen at random from the stimulus treatments and 

size- and stage-matched to the subject fish.  Otherwise the protocol was identical to 

Engeszer et al. (2004). 

ANALYSIS 

We compared the time spent in the “no preference” area across stages to ascertain 

the onset of shoaling.  Fish that don’t shoal should be spending more time in the “no 

preference” area than fish that are shoaling with the stimulus fish.  We performed an 

angular transform on the proportion of time the subjects spent in the “no preference” area 

to the total test time (600 sec) to assess the onset of shoaling behavior.  The results were 
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then compared between stages using a one-way ANOVA and the means compared using 

Tukey-Kramer HSD (Figure 5).   

We then compared the time spent in association with either stimulus to determine 

whether or not a preference was exhibited by the subjects.  We compared the time spent 

with the reared stimulus with the time spent with the non-reared stimulus using Student’s 

t-test for each stage.  The angular transform of the proportion of time spent with the 

reared stimulus to the total time spent in the stimulus areas was compared across stages 

using a one way ANOVA to measure the effect of subject stage on shoaling preference 

(Figure 6). 

RESULTS 

The ANOVA for shoaling onset showed a significant effect across the stages.  

The results for postflexion, metalarvae, juveniles and adults did not vary significantly 

from one another (ANOVA df = 4, F ratio = 5.2258, P < 0.0008) and all these except 

metalarvae were significantly different from early flexion larvae (Tukey-Kramer q* = 

2.78515,  α = 0.05) . Preflexion larvae did not respond in the protocol as they never 

recognized both stimuli (Figure 5). 

The juvenile and adult stages showed a significant difference in the amount of 

time spent with the reared stimulus while none of the other stages did.  The ANOVA for 

time spent with the reared stimulus showed a significant effect across the stages (Figure 

6). 

DISCUSSION 

The sharp decrease in the amount of time spent in the no preference area between 

the preflexion and early flexion stages suggests shoaling behavior begins at this time.  At 

very early stages these fish do not seem to shoal at all as we see in the failure of the 
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preflexion larvae’s to respond to the protocol.  This lack of response is hardly surprising.  

Though the visual system in preflexion larvae is developed enough to recognize possible 

food items (Kimmel et al. 1995) and these larvae respond to shadows passing over them 

(Easter and Nicola 1996), they spend their time adhering to nearby surfaces via their 

adhesive organs and swim only when startled.  Early flexion larvae by comparison are far 

more mobile and spend their time swimming in the water column.  Early flexion larvae, 

however, spent significantly more time in the “no preference” area than all of the later 

stage larvae with the exception of the metalarvae.  While the data does not exclude the 

possibility that early flexion larvae are shoaling, it does show that shoaling occurs very 

early in post embryonic development and by the postflexion stage shoaling behavior is 

clearly instantiated.  

The relatively late appearance of the visually mediated preference is interesting 

given this relatively early onset of shoaling behavior.  Though juveniles and adults 

exhibit a robust preference for the reared stimulus phenotype, earlier stages do not.  

Zebrafish posses a functional visual system at the preflexion stage (Schmitt and Dowling 

1999), but the full complement of photoreceptors is not expressed until approximately 12 

days post fertilization (Branchek and Bremiller 1984). This timing roughly coincides with 

the timing of flexion (Engeszer, unpublished data).  At this time all of the receptor types 

are present and functioning in the retinal mosaic which continues to grow in size as the 

zebrafish grows to adulthood (Branchek and Bremiller 1984).  Ontogenetic changes in 

the visual system during the larval stages and through metamorphosis could, therefore, 

explain the late onset of the visually mediated preference.  Developmental changes in the 

visual system do not, however, shed light on how early stage larvae find suitable shoal-

mates.  
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The time in association data presented in Figure 6 clearly show the onset of the 

visually mediated shoaling preference at the juvenile stage.  This timing coincides with 

the emergence of the post-metamorphic pigment pattern.  The larval pigment pattern of 

three melanophore stripes, one dorsal, one medial and one ventral, is conserved 

throughout the close relatives of D. rerio (Quigley et al. 2005).  This larval pigment 

pattern is further conserved throughout the cyprinids and is even seen in the related 

Catostomidae (Snyder and Muth 2004).  Thus visual cues would be a poor indicator of 

conspecific shoaling partners for the larval zebrafish.  Adult danios and, more broadly, 

adult cyprinids, however, exhibit dramatically different pigment patterns (Quigley et al. 

2005).  The late onset of the visually mediated shoaling preference, therefore, coincides 

with the stage at which zebrafish would be able to distinguish conspecific shoal-mates 

from heterospecifics via visual signals. 

 The oddity effect (Landeau and Terborgh 1986) implies a significant survival 

cost to individuals for shoaling with fish of a different phenotype, as individuals that do 

so will be preferentially preyed upon.  Given the importance of the early social 

environment in the determination of the visual preference, larval zebrafish must either be 

using a different aspect of the visual signal, such as overall size of the shoaling fish, or an 

alternative sensory modality to assess shoal-mates.  If conspecific shoal-mates could be 

identified through a different sensory modality, larval fish could then associate with 

conspecifics prior to the appearance of the adult pigment pattern and thereby gain the 

early experience necessary to choose shoals of a matching adult pigment pattern 

phenotype.  Strong evidence exists for the use of olfactory cues in fishes in general and 

zebrafish in particular in the identification of conspecifics (McLennan and Ryan 1997) 

and even relatives (Mann et al. 2003).   
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Perhaps larvae are using olfactory cues to determine which shoal to join and, as 

they and their shoal-mates develop, they gain experience of the correct adult pigment 

pattern phenotype and so are able to use visual cues later in development.  We, therefore, 

hypothesize an olfactory mechanism for the identification of shoal-mates at early stages, 

which in turn allows individuals to find appropriate shoals and thereby gain the necessary 

experience with the conspecific pigment pattern to exhibit the proper visual shoaling 

preferences at later stages. 



Figure 4:  Embryonic phenotype 

 

The embryo on the left exhibits the wild-type embryonic pigment phenotype and that on 

the right exhibits the nacre mutant phenotype. 
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Figure 5:  Onset of shoaling 

 

 

The proportion of time spent in the no preference area to the total observation time is 

shown for each stage.  The dashed line represents the null expectation of 33% of the time 

spent in the no preference area.  The circles represent the means for each stage (back 

transformed from the data used for the ANOVA), and the bars represent the 95% 

confidence intervals.  The letters A and B designate groups that are significantly different 

(Tukey-Kramer q*=2.78515, α=0.05).  The sharp drop in the time spent in the no 

preference area between early flexion stage and the post flexion stage suggests the onset 

of shoaling behavior. 
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Figure 6:  Onset of preference 

 

 

For each stage the mean time in association with both wild-type (wt, filled circles) and 

nacre (nac, open circles) shoals is shown.  Error bars represent the 95% confidence 

intervals.  Early flexion larvae (N = 18, t = 0.253, df = 17, P = 0.80, two-tailed paired 

Student’s t-test), post flexion (N = 20, t = -0.977, df = 19, P = 0.34, two-tailed paired 

Student’s t-test) and metalarvae (N = 16, t = 0.065, df = 15, P = 0.949, two-tailed paired 

Student’s t-test) showed no preference. While juveniles (N = 20 t = -2.832, df = 19 P = 

0.010, two-tailed paired Student’s t-test) and adults (N = 20, t = -2.442, df = 19, P = 

0.025, two-tailed paired Student’s t-test) showed a significant preference for the wild-

type shoals. 
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Chapter 4:  Umwelt and Innenwelt of the zebrafish with regards to 
shoaling preference 

An understanding of the salient components of a signal is essential if we hope to 

gain an understanding of animal communication (Maynard-Smith 2003).  Only then can 

we be sure that the signal variation that we are measuring is relevant to the behavioral 

variation of interest (Ryan and Rand 2001).  In order to address this we must not only 

consider how signals are transduced by the sensory organs of a particular animal, but also 

how these signals are then processed.  Jacob von Uexküll addressed these issues in 

Umwelt und Innenwelt der Tiere (1909).  In this work, he defined an organism’s 

perceptual environment as its Umwelt, which consists of all those aspects of the physical 

world that an individual can perceive.  The Innenwelt, literally the “interior world,” of the 

organism is the result of how perceived variation is then filtered and processed by the 

organism.  Thus, any signal variation must first make it through the filter of an 

organism’s sensory capabilities, and then through the internal filter before it is actually 

attended to and acted upon.   

The zebrafish, Danio rerio, responds to variation in visual signals when 

determining prospective shoal-mates (Engeszer et al. 2004), but we do not know the 

salient components of this visual signal.  To address this, we must take into account 

variation in the physical properties of any visual signal, the capabilities of the visual 

system of the zebrafish to perceive this variation, and finally how this variation is 

processed into the visual Innenwelt of the subject.  As the most dramatic visual difference 

between the stimuli in our previous work was the pigment pattern of the stimulus fish, 

and since danios show marked variation in their adult pigment patterns (Quigley et al. 
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2005), (Figure 7), we asked how variation in the adult pigment pattern effects shoaling 

behavior. 

D. rerio is a member of broader group of fishes commonly referred to as danios, 

which contains the genera Danio and Devario (Fang 2003).  Fishes in these genera show 

broad variation in their adult pigment pattern from an entirely uniform pattern to stripes, 

bars, spots, or a combination of all these elements.  The arrangement of three different 

types of pigment cells, black melanophores, yellow-orange xanthophores and reflective 

white iridophores, determine the adult pigment pattern (Quigley et al. 2004).  We 

quantified variation in the pattern presented using Matlab code described in the Analysis 

section. 

To quantify variation in the colors presented by prospective shoal-mates we used 

reflectance spectrophotometry.  Zebrafish are tetrachromats who present their visual 

pigments in one type of rod and three types of cones (Branchek and Bremiller 1984; 

Robinson et al. 1993).  As rods are used primarily for low light (scotopic) vision (Saszik 

and Bilotta 1999), we focused our work on the various cone classes.  A shortwave UV 

pigment having a peak sensitivity of 362 nm is presented in a single cone (Robinson et al. 

1993).  Another shortwave cone having a peak sensitivity of 415 nm is also present in a 

single cone.  The two opsins with the highest peak sensitivities, 480 nm and 570 nm, are 

present in double cones.  These cone types are laid out in a mosaic pattern on the 

zebrafish retina (Robinson et al. 1993; Raymond et al. 1995).  The observed sensitivity to 

ultra-violet light means the perceptual capability, and therefore the perceptual 

environment, of the zebrafish is quite different from our own.   

The internal world of zebrafish, visual or otherwise, is an unknown.  

Multidimensional scaling (MDS) can be used to model the internal or psychological 

space of an organism, given its responses to various signals (Shepard 1957; Shepard 
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1963; Borg and Groene 1997; Ryan and Rand 2003).  We used a panel of shoaling 

stimuli, comprising 12 different D. rerio phenotypes and 5 closely related species (Figure 

7) in preference assays to construct a model of the internal visual space of the zebrafish.  

We then compared the physical measures of the pigment pattern of the shoaling stimuli 

with the internal model resulting from the MDS analysis. 

Our results show unexpected discordance between observed signal variation and 

the MDS model of the internal space of the zebrafish.  Furthermore we found dramatic 

differences between the internal models of male and female subjects.  This work suggests 

new testing paradigms for the investigation of social behavior in these and other fishes.     

MATERIALS AND METHODS 

Preference tests 

We used a broad panel of Danio and Devario species and D. rerio mutants as 

stimuli in an array of binary preference tests.  The pigment pattern phenotypes of these 

stimuli ranged from patternless through spots and degenerate stripes to vertical bars and 

horizontal stripes.  We chose the stimuli so that much of the pigment pattern stimulus 

space would be covered by the variation they presented and where possible we included 

replicates of various pattern elements or combinations of elements.  We used the time 20 

subjects (10 male and 10 female) spent in association with these different phenotypes to 

construct the MDS plots representing the Innenwelt of the subjects.  

Fish 
 

Subject fish were D. rerio from the AB strain.  We randomly selected 20 

individuals from tanks of fish from six different crosses.  Fish were raised with their 

wild-type siblings in visual isolation from other strains, species, and mutant lines.  All 
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subjects were adults of at least 15 mm standard length.  We measured and recorded the 

standard length of these fish once every two weeks. 

We used fish from twelve different D. rerio phenotypes.  At the beginning of the 

testing, each of these stocks had between 40 and 50 individuals, approximately half of 

these individuals were male and half of them were female.  As testing progressed, losses 

were replenished from lab stocks.  Wild-type stimulus fish were chosen from an out-bred 

line.  The following D. rerio mutants and double mutants were used: albinob4 

(Chakrabarti et al. 1983), daliwp.r21e1/+ (fish heterozygous for the dali mutant allele) 

(Parichy unpublished data), duchamputr19e1/+ (fish heterozygous for the duchamp mutant 

allele) (Quigley et al. 2005), ednrbb140 (Parichy et al. 2000), fmsj4e1 (Parichy et al. 2000a), 

fmsj4e1; kitb5 (Parichy et al. 2000a), fmsj4e1; ednrbb140 (Johnson et al. 1995), kitb5(Parichy 

et al. 1999), nacrew2 (Lister et al. 1999), oberonj198e1(Quigley et al. 2004) and 

seuratutr15e1(Quigley et al. 2004).  We also used fish from five other species: D. 

albolineatus, D. choprae, D. sp. affin. kyathit, D. nigrofasciatus, and Devario shanensis  

(Fang 2003) (Figure7). 

Tank 

We used a 122 cm long x 55 cm tall x 32 cm wide glass aquarium for our 

preference tests.  We divided this aquarium lengthwise into five equal compartments.  

The outermost compartments, hereafter referred to as the stimulus areas, were separated 

from the inner compartments by a sheet of UV transparent Rhöm GS2458 Plexiglas, 

which was sealed with silicon aquarium sealant to isolate the water in the stimulus areas 

from that of the inner compartment.  We further subdivided the inner compartment, 

marking off three zones of equal volume as in Engeszer et al. (2004).  The tank was lit by 

two 250 W halogen lamps place above and on either side of the test tank.  Light from 

these lamps then reflected off of two sheets of Teflon hung at 45 degree angle from the 
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top of the tank (Figure 8).  This arrangement provided even, full-spectrum lighting 

throughout the test tank.  We used thin sheets of opaque plastic as temporary visual 

barriers to separate the exterior compartments from the interior compartments.  The sides 

of the tank were covered with neutral gray photographic paper.  The water level in the 

tank was kept at 25 cm depth. 

Protocol 

We placed opaque barriers in the central compartment, visually isolating it from 

the stimulus areas.  We then placed a subject fish in the central compartment and four 

stimulus fish, two male and two female, in each of the stimulus areas.  The presentation 

order was randomized with respect to subjects, stimulus pairs, and the side of each 

stimulus.  Tests were filmed using Panasonic compact VHS video cameras.  The fish 

were allowed five minutes to acclimate to the test tank and then the video cameras were 

turned on and set to record.  We then removed the opaque barriers and left the room.  

After twenty minutes had elapsed, we returned, reinserted the opaque barriers, and 

removed the fish from the test tank.  We then measured the standard length of each 

stimulus fish.   

We scored the videotapes manually.  Each test started when the opaque barriers 

were removed.  We allowed the fish up to 15 minutes to recognize both stimuli.  We 

started recording time in association with the stimuli after the five minute period in which 

they recognized both stimuli.  Thus, if they recognized both stimuli in the first five 

minutes, we recorded minutes 6 to 10; if in the second 5 minute period, we recorded 

minutes 11 to 16, etc.  If the fish did not recognize both stimuli in fifteen minutes the test 

was cancelled and redone at the beginning of the next week of testing.  Subjects were 

said to recognize a stimulus shoal when they swam parallel to one of the shoal members 
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as in Engeszer et al. (2004).  We recorded the amount of time it took to recognize both 

stimuli and the time spent in association with each stimulus.  

Each of the 20 subjects was shown all possible pairs of the 17 different stimuli for 

2720 preference tests. 

Phylogenetic distance 

We computed the phylogenetic distances between the various species using a 435 

base pair region of the 12s ribosomal DNA sequence and a 601 base pair region of the 

16s ribosomal DNA for D. rerio, D. albolineatus, D. choprae, D. nigrofasciatus, D. spp. 

affin. kyathit, and Dev. shanensis (Quigley at el. 2004). 

Photographs for pattern analysis 

After testing was completed, we photographed four individuals, two male and two 

female, of each stimulus type.  We euthanized these fish using MS222 and then 

embedded them in 1% agarose in 100 mm x 20 mm Petri dishes.  We inverted the Petri 

dishes and photographed each fish through the bottom of the dish using a Zeiss AxioCam 

digital camera mounted on an Olympus SZX stereomicroscope with AxioVision 3.0 

imaging software.  The images were recorded as TIFF files for pattern analysis. 

Reflectance measures 

We recorded the reflectance from three different body areas of four individuals, 

two male and two female, from each stock of stimulus fishes.  These areas were the inter-

stripe, primary stripe and the venter (Figure 9).  We used an Ocean Optics S2000 

spectrometer in conjunction with OOIBase32 operating software and a DT-1000 

deuterium halogen light source.  The probe was held 2 mm off of the fish at a 90° angle.  

Fish were lightly anesthetized with MS222 for the duration of these measures. 
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ANALYSIS 

Preference  

We used the time spent with each stimulus in the preference tests to build there 

dissimilarity matrices: one for all subjects taken together (all-subjects), one for male 

subjects, and one for female subjects.  We then used these matrices and two MDS 

programs to construct a visual representation of the Innenwelt of the subjects.   

We compared the time spent in association between all stimuli and used the 

resulting values to construct the dissimilarity matrices necessary for MDS.  We computed 

the ratio of the time spent with each stimulus in each preference test divided by the total 

test time and calculated the absolute value of the difference between these association 

ratios.  We used the resulting values to construct three 17x17 symmetrical dissimilarity 

matrices: one for all subjects, male subjects and female subjects.  We then used both the 

Systat 10 (SPSS 2000) and the Xlstat (Addinsoft 2006) programs to perform a non-metric 

MDS analysis of these data.  Scree plots were used to determine the appropriate 

dimensionality of the MDS analysis (Kruskal and Wish 1978).  This resulted in three 

different three-dimensional MDS plots (Figures 11-16).   

To test for correlation between the different models generated for the perceptual 

space of the different subjects, we then computed the Euclidean distances between 

stimuli in each MDS solution.  These distances were used to build three dissimilarity 

matrices: one each for all subjects together, as well as males and females separately.  We 

tested the correlation between the all subject matrix and the male matrix, between the all-

subjects matrix and the female matrix, and between the male matrix and the female 

matrix using a Mantel test. 

We also performed a paired two-tailed Student’s t-test on the amount of time 

spent in association with each stimulus in all of the 136 possible pairs for all 20 subjects, 



as well for the 10 male subjects and 10 female subjects (Table 2A-C).  These values 

allow a raw representation of the preferences exhibited by the different subject groups.  

To determine if these groups showed a significant ranking of the stimuli, we used 

a nonparametric paired comparison test of overall equality (David 1988; Ryan and Rand 

2003). 
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In this equation a is the number of times a stimulus was chosen (1 if the subject spent 

more time with that stimulus in a test, 0 if the subject did not, 0.5 in the case of a tie), t is 

the number of stimuli (17), and n is the number of judges or subjects (20 in the all case 

and 10 in either the male or female case). This ranking would provide a measure of the 

preference of each group of subjects for the various stimuli.  To see if the subjects 

exhibited a significant (P < 0.05) preference for some of these stimuli over others, we 

compared the Dn to the critical value Dn,c.  If there are more than 3 judges and more than 

5 stimuli, χ2
t-1,α is a good approximation for Dn,c, and so we use χ2

16,0.05 for Dn,c.  If Dn > 

Dn,c then a significant difference exists between the scores.   

If a significant difference existed, we then determined the grouping of different 

stimuli in the ranking by calculating the critical difference (also called the least 

significant difference or LSD) using the equation 
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in which t is the number of stimuli and n is the number of judges as above (David 1988).  

The stimuli whose scores exceed this range are significantly different from one another.  

This critical difference measure was then used to group the stimuli within this ranking 

(Table 3).   
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Phylogenetic distance 

To address the possibility of evolutionary history contributing to the shoaling 

Innenwelt, we used the phylogenetic distances between the different species to construct 

a dissimilarity matrix and obtained a three-dimensional MDS solution for phylogenetic 

relatedness.  We calculated the Euclidean distances between the species in phylogenetic 

space.  We compared the matrix of the Euclidean distances for the phylogenetic MDS to 

those derived from the all-subjects, male, and female MDS solutions using Mantel tests.  

We also derived the MDS solutions for all-subjects, male, and female, using only the 

preference data for the species and compared their Euclidean distances to the 

phylogenetic Euclidean distance matrix.   

Pattern 

We developed a Matlab program to analyze the photographs of the stimuli to 

quantify variation in their pigment pattern.  To eliminate the possibility of confounding 

pigment variation with pattern variation we gray-scaled the TIFF images, and then 

isolated the portions of the patterns for analysis by hand (Figure 10).  We then 

isometrically scaled the resulting images to the same size, scaling them by height and 

clipping by width.  We adjusted for contrast between images, and averaged the pixel 

values of the four individuals of each stimulus type to produce an average image for each 

phenotype.  To determine the amount of variation in each individual’s pattern along the 

horizontal and the vertical, we sampled each individual’s pattern in a series of square 

areas (side length of the sampling window equaled 0.2 x length of the sampled area) and 

calculated the difference between pixel values in the horizontal direction to determine the 

x-entropy value and in the vertical direction to determine the y-entropy value.  A high 

entropy value at a given point meaning that the point varied greatly in pixel value from its 

nearest neighbors, thus a striped individual would show low x-entropy and high y-
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entropy, while a barred individual would show high x-entropy and low y-entropy.  This 

sampling resulted in entropy matrices for each individual in each direction (x and y).  We 

then averaged the x-entropy matrices across all individuals of the same phenotype to 

construct a phenotype x-entropy matrix, and did the same for the y-entropy matrices.  To 

assay overall pattern variability, we constructed a matrix composed of an element by 

element comparison of each phenotypes x-entropy and corresponding y-entropy matrices 

to build and x-by-y-entropy matrix for each phenotype.  In each case, pixel value, x-

entropy, y-entropy, and x-by-y-entropy, we then summed each phenotype matrix across 

rows and columns to generate a single score for each of these cases for each phenotype. 

We used each of these summed measures as independent variables and the coordinates of 

each MDS solution as dependent variables in multiple regression analyses.  

 To compare the total measure of pattern variability to the interior visual space of 

the fish (MDS plots), we used the pattern, x-entropy, and y-entropy scores to determine 

the Euclidean distances between all phenotypes.  We then constructed a dissimilarity 

matrix using these Euclidean distances.  We tested correlation between this matrix and 

the Euclidean distance matrices calculated from the MDS solutions for all-subjects, male 

subjects and female subjects, using Mantel tests.  

Reflectance 

We averaged the reflectance curves for each of the four fish measured for each 

phenotype at each location.  We then integrated the three reflectance curves (primary 

stripe, inter-stripe and venter) across four different 10 nm intervals centered on the peak 

absorbance of each of the zebrafish’s four cone types: 362 nm, 415 nm, 480 nm, and 570 

nm.  These values are the position-by-cone reflectance values.  For a positional 

reflectance value at each location we summed the position-by-cone reflectance values for 

all cones at each position. We then performed multiple regression analyses using these 



 47

values:  the position-by-cone values and positional reflectance values were used as the 

dependent variables and the coordinates of the all-subjects, male, and female MDS 

solutions were the dependent variables. 

RESULTS 

Preference 

Analysis of the preference data showed a number of interesting findings.  The 

visual space of males and females are dramatically different.  The male MDS solution 

was very similar to the all-subjects MDS solution, but the female MDS solution did not 

correlate with either the male or the all-subjects MDS solution.  Males showed distinct 

preferences for some pigment patterns.  Females did not exhibit a significant preference 

for one type or group of stimuli over the others, although a general ranking can be seen in 

the data.  Despite their lack of preference, females did show variation in their shoaling 

response to the different stimulus shoals.  The position of the nacre mutant with regard to 

the fms; kit double mutant in the female MDS solution shows a remarkable ability of the 

females to differentiate these ostensibly blank pigment patterns.  This may be the result 

of females attending to variation in the behavioral phenotype between these stimuli, 

although no such variation was obvious to the authors.  

 In each case the shoulder of the scree plot was at 3 dimensions and so the MDS 

solutions for all-subjects, males, and females were obtained using that dimensionality 

(Figures 11-16).  The all-subjects MDS solution was highly correlated with the male 

subjects solution (r (all, male) = 0.846, P < 0.0001, α = 0.05, Mantel test two-tailed 

estimated from 10,000 permutations), but showed no agreement with the female solution 

(r (all, female) = 0.05, P > 0.5, α = 0.05, Mantel test two-tailed estimated from 10,000 

permutations).  The male and female MDS solutions showed no significant correlation (r 
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(male, female) = 0.04, P > 0.6, α = 0.05, Mantel test two-tailed estimated from 10,000 

permutations). 

 The all-subjects data showed a significant preference for some stimuli over others 

(Dn = 62.77, Dn,c = 26.3) and an LSD of mc = 26.06.  The male data also showed a 

significant preference (Dn = 68.75, Dn,c = 26.3) and an LSD of mc = 18.57.  The females 

did not show a significant difference in their ranking of the stimuli (Dn = 23.65, Dn,c = 

26.3), and so no preference can be inferred.  The rankings of the stimuli for all, males and 

females and the critical difference ranges are shown in Table 3.  The relative rankings are 

also shown in the color coding of the MDS solutions (Figures 11-16). 

Phylogenetic distance 

We detected no phylogenetic signal in the various MDS solutions plotted.  None 

of the Mantel tests showed significant correlation between the phylogenetic Euclidean 

distance matrix and the Euclidean distances from the various MDS solutions (P > 0.17, 

Mantel test two-tailed estimated from 10,000 permutations) 

Pattern 

To examine the effect of color variation, given variation in the Innenwelt MDS 

plots, we conducted 12 different multiple linear regressions: pattern versus all-subjects 

MDS, male MDS, and female MDS; x-entropy versus all-subjects MDS, male MDS, and 

female MDS; y-entropy versus all-subjects MDS, male MDS, and female MDS; and x-

by-y-entropy versus all-subjects MDS, male MDS, and female MDS.  None of the pattern 

variables showed significant correlations with any of the MDS solutions (multiple linear 

regression P ≥ 0.20). 
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 Euclidean distances from the MDS solutions did not correlate significantly with 

Euclidean distances generated from the pattern variables (P > 0.25, Mantel test two-tailed 

estimated from 10,000 permutations). 

Reflectance 

Reflectance measures did correlate with the MDS solutions and so failed to 

explain the variation in shoaling preference seen in the MDS solutions.  We conducted 45 

separate multiple linear regressions, each position value and each position-by-cone value 

against the all-subjects, male, and female MDS solutions.  The position and the position-

by-cone reflectance values did not correlate with any of the MDS solutions (multiple 

linear regression P ≥ 0.10).  

DISCUSSION 

The differences between the male and female MDS solutions are remarkable.  The 

only interpretations possible for these dramatic differences are either the different sexes 

are using markedly different aspects of the visual signal presented by the stimulus shoals 

to decide with which shoal they will associate, or they are using the same criteria but 

weighting them differently.   

 Theories concerning predator or parasite avoidance provide little insight on why 

males and females would make such different decisions regarding shoal-mates.  The 

“confusion effect” would predict a constrained Innenwelt.  Selection should favor 

individuals that associate with shoals containing their own or a similar phenotype 

(Landeau and Terborgh 1986).  If this were the case we might expect an MDS solution 

that was centered on the wild-type phenotype or one that grouped all striped and similar 

colored stimuli together.  At the very least we would expect a similar solution for males 

and females.  Current work on shoaling and parasite avoidance presents no theory 
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suggesting that males and females would use different cues to ascertain parasite load in a 

shoal (Krause and Godin 1994).  

 We used the AB inbred strain as subjects for this experiment as this line is easily 

obtained and widely used throughout the zebrafish community.  Thus many other labs 

could repeat the work we present.  The use of an inbred line also greatly expedites any 

investigations of the genetic basis of this behavior.  As foraging ability and predator 

avoidance lose their adaptive significance in captivity, we can further assume that current 

theories on shoaling behavior in fishes would not explain the variation in male versus 

female Innenwelt.   

 Males and females must evaluate shoals based on different criteria or by judging 

across a suite of criteria and weighting the component criteria differently.  While current 

theories on the shoaling behavior do not provide any insight into why males and females 

may differ in their assessment of shoaling partners, an extensive body of work exists 

addressing the behavioral differences between males and females.  While it is outside the 

scope of this discussion to address all of the possible causes for variation in the Innenwelt 

of males and females, one possible explanation for the variance observed is males and 

females react differently to various shoals due to a difference in dominance interactions 

within the shoal. Dominant individuals in shoals of zebrafish and other danio species tend 

to be females.  The dominant female occupies a position high in the water column 

slightly above the rest of the shoal and attacks individuals who encroach on her position 

(Engeszer pers. observ.).  If females are judging shoals on their ability to rise in the 

dominance hierarchy, while males are evaluating shoals based on some other criteria, we 

could expect the divergence in Innenwelts suggested by the MDS solutions.  Clearly any 

future attempt to gain further insight into shoaling behavior in these fish will need to 

address this underlying variation between the sexes. 
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 The preference rankings shown by males are also remarkable.  From previous 

work we know that zebrafish raised with wild-type individuals, as all the subjects were, 

prefer to shoal with wild-type shoals over nacre shoals (Engeszer et al. 2004) and D. 

albolineatus shoals (McCann and Carlson 1982).  Nevertheless, both males and females 

associated with dali/+ mutant shoals over all of the other phenotypes.  Males also 

preferred fms mutant shoals over wild-type shoals.  Although the ranking was not 

significant in females, the wild-type shoals fall below the median (Table 3C), showing 

that, overall, females chose wild-type shoals less than half of the time.  Subjects may 

prefer dali/+ mutant shoals due to their distinctive large-spotted pigment pattern or 

because of some other aspect of the visual phenotype.  Further tests on other large-

spotted mutants (Parichy unpublish. data) will confirm the existence of this preference 

and determine whether this preference is generalized across these phenotypes or whether 

it is something else inherent in the visual signal of the dali/+ mutant shoal that elicits this 

strong preference across both sexes.  

 Reflectance measures failed to explain variation in the MDS solutions.  A model 

of how the tetrachromat zebrafish evaluates color space would be invaluable in better 

resolving any possible correlations between pigment variation and perceptual variation in 

this species.  Unfortunately such a model does not exist at present although much of the 

data necessary to construct one has been, and is being, gathered (Hughes et al. 1998; 

Marc and Cameron 2001; Patterson et al. 2002; Orger and Baier 2005).  The failure of 

subjects to attend to pigment pattern variation may be the result of relaxed selection for 

predator avoidance in the lab.  As the subjects were domesticated zebrafish and, 

therefore, do not experience predation, individuals shoaling with non-matching 

phenotypes are not paying a selective cost for this behavior predicted by the oddity effect.  
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Other visual cues that might suggest parasitized shoals might also be ignored as captive 

fish are not exposed to parasites or parasitized shoals. 

 While the different pigment pattern phenotypes presented by the shoals do not 

explain the variation seen in any of the MDS solutions, differences in the behavioral 

aspects of the visual signals presented by the stimulus shoals may.  Males and females 

may attend to differences in the swimming speed of stimulus fish or the number of times 

they change course, or perhaps variation in the overall density of the shoals.  Perhaps 

even minute changes in body angle or posture might effect a subject’s reaction to a shoal. 

 Further research into the social behavior of these fish must take into account the 

cryptic and different Innenwelts of zebrafish males and females.  This work also suggests 

a potential flaw in the underlying assumption, pervasive in the shoaling research to date 

(Landeau and Terborgh 1986; Krause and Godin 1994; Krause and Ruxton 2002), that 

males and females of any social group are responding to social stimuli in a similar 

manner.  Though selective pressures related to protection from predators, defense against 

parasites, and ability to forage may be similar across the sexes, other aspects of an 

animal’s social interactions may trump these selective pressures in shaping an organism’s 

perception.   



Figure 7:  Stimulus panel 
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The different species used as stimulus fish are in the left column.  The various mutant and 

double mutant lines of D. rerio used as stimulus fish are in the center and right columns.  

While in the photographs above some females are gravid (notably dali/+) only non-

gravid females were used in the experiments. 
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igure 8:  Test tank F
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igure 9:  Reflectance measurements 
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The white circles represent the approximate sampling area for reflectance measures: A, 

inter-stripe; B, primary stripe; and C, venter. 

igure 10:  Pattern measurement 
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The white rectangle delineates the area used in the pattern analysis. 



Figure 11:  MDS all-subjects dimensions 1 and 2 
 

 

Shown are the first two dimensions of the three-dimensional MDS solution for all 

subjects.  Wild-type D. rerio is shown in bold italics, other danio species are shown in 

italics, and mutant and double mutants are shown in Roman type.  Symbols are color 

coded to indicate the preference for each type of stimulus.  Colors range from red (most 

preferred) through orange, yellow, and green to blue (least preferred).  
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Figure 12:  MDS all-subjects dimensions 1 and 3 
 

 

Shown are the first and third dimensions of the three-dimensional MDS solution for all 

subjects.  Wild-type D. rerio is shown in bold italics, other danio species are shown in 

italics, and mutant and double mutants are shown in Roman type.  Symbols are color 

coded to indicate the preference for each type of stimulus.  Colors range from red (most 

preferred) through orange, yellow, and green to blue (least preferred).  
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Figure 13:  MDS male subjects dimensions 1 and 2 
 

 
 

Shown are the first two dimensions of the three-dimensional MDS solution for male 

subjects.  Wild-type D. rerio is shown in bold italics, other danio species are shown in 

italics, and mutant and double mutants are shown in Roman type.  Symbols are color 

coded to indicate the preference for each type of stimulus.  Colors range from red (most 

preferred) through orange, yellow, and green to blue (least preferred).  
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Figure 14:  MDS male subjects dimensions 1 and 3 
 

 
 

Shown are the first and third dimensions of the three-dimensional MDS solution for male 

subjects.  Wild-type D. rerio is shown in bold italics, other danio species are shown in 

italics, and mutant and double mutants are shown in Roman type.  Symbols are color 

coded to indicate the preference for each type of stimulus.  Colors range from red (most 

preferred) through orange, yellow, and green to blue (least preferred).  
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Figure 15:  MDS female subjects dimensions 1 and 2 
 

 
 

Shown are the first two dimensions of the three-dimensional MDS solution for the female 

subjects.  Wild-type D. rerio is shown in bold italics, other danio species are shown in 

italics, and mutant and double mutants are shown in Roman type.  As females exhibited 

no significant preference, symbols are color coded to reflect whether females ranked the 

stimulus in the upper 50% (red) or the lower 50% (blue). 
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Figure 16:  MDS female subjects dimensions 1 and 3 
 

 

Shown are the first and third dimensions of the three-dimensional MDS solution for the 

female subjects.  Wild-type D. rerio is shown in bold italics, other danio species are 

shown in italics, and mutant and double mutants are shown in Roman type.  As females 

exhibited no significant preference, symbols are color coded to reflect whether females 

ranked the stimulus in the upper 50% (red) or the lower 50% (blue). 
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Table 2A:  p-values for all-subjects  

 
P-values for each stimulus pair are shown.  Numbers in red signify tests in which more 
subjects associated with the stimulus in red.  Numbers in blue signify tests in which more 
subjects associated with the blue stimulus.  Black numbers represent ties.  Significant p-
values are shown in bold face type. 
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Table 2B:  p-values for male subjects  

 
P-values for each stimulus pair are shown.  Numbers in red signify tests in which more 
subjects associated with the stimulus in red.  Numbers in blue signify tests in which more 
subjects associated with the blue stimulus.  Black numbers represent ties.  Significant p-
values are shown in bold face type. 
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Table 2C:  p-values for female subjects  

 
 P-values for each stimulus pair are shown.  Numbers in red signify tests in which more 
subjects associated with the stimulus in red.  Numbers in blue signify tests in which more 
subjects associated with the blue stimulus.  Black numbers represent ties.  Significant p-
values are shown in bold face type. 
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Table 3:  Stimulus Ranking  

A.  All subjects 
 
Phenotype/species Wins  Group 
dali+/-   212  a 
D. sp. affin. kyathit 184.5  b 
fms   181  b 
albino   178  bc 
wild-type  172  bc 
D. albolineatus 165.5  bcd 
D. choprae  164.5  bcde 
duchamp+/-  159.5  bcdef 
D. nigrofasciatus 159  bcdef 
fms;ednrb  158.5  bcdef 
oberon   153  bcdefg 
seurat   153  bcdefg 
Dev. shanensis 141.5  defg 
ednrb   139.5  defg 
nacre   138  efg 
kit   133.5  fg 
fms;kit   127  g 
 
 
B.  Male subjects 
 
dali+/-   106.5  a 
fms     96  ab 
wild-type    94  abc 
D. sp. affin. kyathit   93  abc 
seurat     92  abc 
albino     89  abcd 
nacre     83  bcde 
duchamp+/-    78.5  bcdef 
D. albolineatus   78  bcdef 
oberon     77  bcdefg 
D. nigrofasciatus   77  cdefg 
kit     73  defg 
fms;ednrb    71  defg 
D. choprae    69  efg 
fms;kit     62.5  fg 
Dev. shanensis   61.5  fg 
ednrb     59  g 
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C.  Female subjects  
 
Phenotype/species Wins  Group 
dali+/-   101.5  a 
D. choprae    89.5  a 
fms;ednrb    87.5  a 
D. albolineatus   85.5  a 
fms     85  a 
albino     83  a 
seurat     83  a 
oberon     82  a 
D. sp. affin. kyathit   81.5  a 
Dev. shanensis   80  b 
duchamp+/-    79  b 
wild-type    78  b 
ednrb     74.5  b 
D. nigrofasciatus   72  b 
kit     70.5  b 
fms;kit     64.5  b 
nacre     63  b 
 

Phenotypes and species are shown ranked by the number of wins for A. all subjects, B. 

male subjects and C. female subjects.  The rankings for A and B are significantly 

different, but not for C.  For data sets that showed a significant difference in the rank 

(Dn>Dn,c) groups were determined by comparing the critical difference measure (mc) to 

the number of wins.  For C the groups are a, upper 50% of the ranking and b, lower 50%.   
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Appendix 

Translation of “…ό ανθρώπος φυσει πολιτικον ζώον” from the original Greek 
 

The usual rendition of this line “…man is by nature a political animal” has several 

shortcomings.  First the subject ό ανθρώπος is the generic form for man, most often 

translated as the gender nonspecific “human.”  I chose “the human being” to include the 

presence of the definite article “ό” in the original.  The verb “to be” is elided in the 

original as is often the case in Attic Greek. I have retained the translation of φυσει as “by 

nature” and “animal” for ζώον used in the more usual version.  I find the normal 

translation of “political” for πολιτικον unsatisfactory.  One is a cognate of the other, but 

they are not synonymous.  While I admit it works well in the case of the title and conveys 

the interplay between individual social interactions and those between the individual and 

the state, I have always thought that in this line it was more a transliteration then a true 

translation. The most literal rendition would be “of the city-state” and normally I would 

use this translation, but as I was only referencing a portion of a single line of Aristotle’s 

work, I felt that it didn’t properly convey meaning of the word in context.  I considered 

translating πολιτικον as “city-dwelling.”   Aristotle, after this point, explains that being a 

member of the city-state was a natural extension of being a member of a family or larger 

social unit.  I feel, therefore, that “social” most accurately and concisely conveys the 

meaning of πολιτικον in the context of this particular passage. 
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