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Loose aggregations of fishes, or shoals, are a basal social organization
of vertebrates and offer a valuable opportunity to determine how
individual perceptions influence group formation. We used zebrafish,
Danio rerio, to comprehensively investigate the preference space for
shoaling related to adult pigment pattern variation, presented in the
form of 17 zebrafish pigment pattern mutants or closely related
species. We examined all combinations of these phenotypes in 2,920
initial and replicated preference tests, and used as subjects both
domesticated laboratory stocks and wild-caught fish. By using mul-
tidimensional scaling and other approaches, we show that laboratory
and wild zebrafish exhibit similar preferences, yet, unexpectedly,
these preferences differ markedly between sexes, and also from how
human observers perceive the same pigment patterns. Whereas
zebrafish males respond to two traits (species and stripe patterning)
in deciding whether to join a shoal, zebrafish female preferences do
not correlate with a priori identifiable traits, and neither perceptual
world is correlated with that of human observers. The observed
zebrafish sex differences run counter to the most commonly accepted
explanations for the individual selective advantages gained by shoal-
ing. More generally, these data describe very different perceptual
worlds between sexes and reveal the importance of sex differences
in social group formation, as well as the critical importance of defining
species specificity in visual signaling.
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Aristotle recognized that social behavior defines what it means
to be human (1). Over two millennia later, the origins and

maintenance of social behavior remain incompletely understood,
yet better knowing why and how groups form will provide impor-
tant insights into animal behavior, psychology, and human evolu-
tion. Most analyses of taxonomic variation in social behavior have
focused on its fitness consequences and the ecological and evolu-
tionary correlates for particular social structures. Less attention has
been given to the mechanisms by which groups form and, partic-
ularly, the signals between group members and prospective mem-
bers that influence individual decisions whether or not to join (2).

One approach to elucidating why and how social structures form is
to focus on transitional groups at the interstices of social and solitary
behavior,ofwhichshoalsof fishareaclassicexample.Definedasa loose
aggregative behavior, shoaling can be viewed as the forerunner to all
vertebrate social groups; shoaling is engaged in by the majority of fishes
as well as amphibian larvae, representing a broad swath of vertebrate
diversity (3–9). Although shoaling provides benefits to individuals via
enhanced predator avoidance and foraging efficiency, individuals con-
stantly assess the costs and benefits of joining or remaining in a shoal
relative to acting alone (2, 5, 10).

A convenient species for studying shoaling is the zebrafish. These
fish shoal as mixed sex groups in the field and in the laboratory
(11–14) and their tendency to shoal is heritable (15, 16). Zebrafish
respond to visual signals when deciding between prospective shoals,
and early life history plays a critical role in the formation of shoaling
preferences (13, 14, 17, 18). Nevertheless, the salient features of
these visual signals and how they are interpreted remains unknown.
As a major component of the visual phenotype is the adult pigment
pattern, we reasoned that pigment pattern variation could play a
critical role in determining whether individuals elect to join a shoal.

Results
Diverse Visual Signals Exhibited by Zebrafish Mutants and Closely Re-
lated Species. To assay the perceptual space of zebrafish, we used a
panel of 17 phenotypes representing an array of pigment patterns
including the wild type, ‘‘simple’’ variants in the form of zebrafish
mutants, and ‘‘complex’’ variants in the form of closely related
species (Fig. 1). The wild-type zebrafish (WT) exhibits dark stripes
comprising black melanophores and silver iridophores, light inter-
stripes of yellow xanthophores and iridophores, and dorsal scale
melanophores (26). Zebrafish single-locus mutant phenotypes have
changes in pigment cell organization, missing pigment cell classes,
reduced pigment within cells, or multiple alterations. By using fish
that are singly or doubly mutant, we can examine the attractiveness
of signals that are one or two mutational steps from the wild type.
Other species are within Danio or the closely related Devario; some
resemble zebrafish wild-type or mutant phenotypes, whereas others
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Fig. 1. Diverse pigment patterns of zebrafish (Left and Center) and closely
relatedspecies (Right).Abbreviations:A,albinomutant;C,csf1rmutant;CE, csf1r,
ednrb1 double mutant; CK, csf1r, kit double mutant; DI, dali/� mutant; DU,
duchamp/�mutant;E,ednrb1mutant;K,kitmutant;M,mitfamutant;O,oberon
mutant; S, seurat mutant; Da, Danio albolineatus; Dc, D. choprae; Dk, D. aff.
kyathit; Dn, D. nigrofasciatus; Ds, Devario shanensis. For simplicity, only pheno-
type abbreviations are used in the text and figures. For additional information on
the genetic bases of mutant phenotypes and species differences, see refs. 19–25.
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