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Studies of ‘‘behavioral syndromes’’ in different populations and species of animals can be used to shed light on the underlying
mechanisms of evolution. For example, some personality syndromes suggest the existence of an underlying hormonal link,
whereas other relationships between boldness and aggression appear to be the result of similar selective pressures. Here, we used
1 wild-derived and 2 laboratory strains of zebrafish (Danio rerio) to examine relationships among 5 behavioral measures: shoaling,
activity level, predator approaches, latency to feed after a disturbance, and biting to a mirror stimulus. We found evidence of an
activity syndrome, as if underlying metabolic costs influence variation in multiple forms of behavior. Evidence for a relationship
between boldness and aggression was also apparent but depended both on strain and which specific behavior patterns were
identified as measures of ‘‘boldness.’’ Although some comparisons of laboratory and wild-derived strains were consistent with
a domestication syndrome, others were not. Most observed relationships were relatively weak and occasionally inconsistent,
arguing against strong underlying genetic linkages or pleiotropic effects relating any of the behavioral measures. Instead, it
may be more important to study the details of selective context or the long-term impact of linkages between some, but not all,
of a large set of genes influencing complex behavioral traits. We found profound differences among strains in most behavior
patterns, but few sex differences. One strain (TM1) was consistently different from the others (SH and Nadia) being more social,
more likely to approach predators, and taking less time to recover from disturbance than were the other 2 strains. Key words: ac-
tivity, aggression, behavioral syndromes, boldness, evolution, domestication, genetic correlation, metabolic syndrome, phenotypic
correlation, zebrafish. [Behav Ecol 18:556–562 (2007)]

Many behavior patterns occur in tightly linked suites or
‘‘syndromes’’ (see reviews by Sih, Bell, and Johnson

2004; Sih, Bell, Johnson, and Ziemba 2004). In some cases,
studying complex behavior such as multimodal communica-
tive displays as examples of behavioral syndromes ensures that
we consider also emergent properties that appear only when
multiple sensory elements are combined (e.g., Hebets 2005).
In other cases, an observed link between behavioral pheno-
types encourages us to search for a single underlying genetic
or physiologicalmechanism. For example, studies of a boldness
and aggression syndrome have encouraged further explora-
tion of underlying hormonal explanations (e.g., Veenema
et al. 2003). Syndrome studies can also shed light on pheno-
typic evolution. Both functional and mechanistic relationships
between behavioral traits can constrain the directions in which
evolution can occur and be crucial to the ‘‘evolvability’’ of
complex phenotypes (e.g., Beldade et al. 2002; Hansen et al.
2003). Here, we estimate the magnitude of behavioral syn-
dromes in zebrafish (Danio rerio), a popular model organism
in genetic, developmental, and neurobiological research,
thereby setting the stage for future research into the genetic
basis of behavioral syndromes.
We focus on 3 syndromes that have been commonly reported

in the behavioral literature: (1) boldness and aggression, (2)
general metabolic response, and (3) domestication. An aggres-
sion–boldness syndrome has been found in numerous animals
(see review by Koolhaas et al. 1999). In fish, it was classically
documented in stickleback (Huntingford 1976) and is sup-

ported by more recent studies of cichlids (Brick and Jakobsson
2002) and trout (Schjolden et al. 2005). Bell (2005) suggests
that in stickleback, the syndrome exists only in populations
with high predation levels and is thus likely due to selection
acting on multiple aspects of the phenotype simultaneously
rather than a common underlying mechanism. Brown et al.
(2005) showed that boldness in a tropical poeciliid is related
not only to predation but also to growth rate and body size,
suggesting the importance of metabolic factors also. Similar
complexes of behavioral traits have been described in a wide
variety of birds and mammals as a distinction between ‘‘pro-
active’’ and ‘‘reactive’’ personalities and has been linked to
changes in the hypothalamic–pituitary–adrenal (HPA) system
which influences many behavior patterns (e.g., Veenema et al.
2003).
The second syndrome we consider is a relationship between

activity and other forms of behavior that is commonly attrib-
uted to a general metabolic response. Measures of activity may
be related to measures of other behavior because of time bud-
get conflicts (e.g., time spent feeding vs. time spent defending
a nesting site) or because activity level may approximate me-
tabolism (reviewed in Sih, Bell, Johnson, and Ziemba 2004).
For example, Budaev (1997a,b; see also Budaev and Zhuikov
1998) found relationships between activity level, exploratory
behavior, and shoaling in fish. Activity level is also associated
with many other forms of behavior in flies (e.g., Meffert et al.
2002; Higgins et al. 2005). In other cases, individuals that are
more active in the absence of predators are often also more
active when predators are present (e.g., Sih et al. 2003; Brodin
and Johansson 2004).
Third, we consider domestication, a complex of behavioral,

morphological, and physiological changes due both to inten-
tional selection for desirable traits as well as inadvertent selec-
tion and a reduction of natural selection (e.g., Huntingford
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2004). For example, in Dmitry Belyaev’s classic Farm-Fox
experiment (summarized by Trut 1999), silver foxes selected
only for tameness evolved many additional behavioral charac-
teristics of the domestic dog such as barking, whining, and
licking of their handlers. This finding suggests that there may
be a common underlying mechanism such as a pleiotropic
gene or hormone with multiple effects that links these very
different behavior patterns. Decreases in fearfulness are com-
mon with domestication (e.g., jungle fowl: Schutz et al. 2001;
trout: Alvarez and Nicieza 2003), as are changes in aggression,
although the variation in the direction of observed aggressive
shifts (increased: Ruzzante 1994; Einum and Fleming 1997;
Metcalfe et al. 2003; decreased: Fleming et al. 1996; Berejikian
et al. 1997; Hedenskog et al. 2002; no difference: Johnsson
et al. 1996; Yamamoto and Reinhardt 2003) suggests that
domestication may also involve selection acting on multiple
phenotypes simultaneously rather than an underlying shared
mechanism.
Comparison of behavioral syndromes in different popula-

tions and across different taxonomic levels offers a way to
distinguish between phenotypic associations resulting from
underlying mechanisms and correlated selection. For exam-
ple, Bell (2005) found that an aggression–boldness syndrome
observed in one population of stickleback fish was unlikely to
be the result of underlying genetic correlations because it was
not also observed in a second population of the same species.
Baer and Lynch (2003) concluded that relationships between
body size and life history traits observed both within and be-
tween populations offered evidence of strong pleiotropic con-
straints on body size evolution. This comparative approach is
limited given growing evidence that genetic correlations also
evolve and hence often differ among populations (see review
by Steppan 2002). But similar phenotypic correlations observed
both within and across populations suggest an underlying ge-
netic association or pleiotropic physiological mechanism, and
differences across populations argue for differential selective
regimes (e.g., Badyaev andHill 2000) or different genetic struc-
tures (e.g., Service 2000) and suggest that syndromes do not
necessarily constrain the selective responses of behavior be-
cause their underlying genetic or physiological basis can be
uncoupled.
Zebrafish are an ideal species for studying the genetic basis

of behavioral syndromes because of their extensive use as a
model organism by developmental biologists and the com-
prehensive toolkit of genetic techniques that are consequently
available, including a multitude of distinct, artificially selected
strains and a complete genome sequence. While we know little
about zebrafish behavior and natural history, recent studies
have found that although fish from natural populations form
shoals of 2–10 individuals (Pritchard et al. 2001), individuals
are aggressive to one another and able to monopolize resour-
ces (Hamilton and Dill 2002; Spence and Smith 2005). Aggres-
sion is present in males as well as in females (Pritchard 2001),
and females prefer to associate with males rather than with
other females (Delaney et al. 2002). Recent studies comparing
the behavior of laboratory and recently derived wild-caught
strains found that laboratory strains exhibit characteristics
commonly associated with domestication (e.g., higher growth
rates, decreased startle response) and that strain differences
in ‘‘boldness’’ have a genetic basis (Wright et al. 2003, 2006;
Robison and Rowland 2005). In contrast, zebrafish aggression
and shoaling behavior is more malleable, sometimes depend-
ing on the social history of the tested individuals. Engeszer
et al. (2004) showed that zebrafish’s preference for horizontal
stripes depended on the social context during early develop-
ment, whereas Moretz et al. (2006) showed that tendency to
shoal can be altered even in adults after exposure to particular
social contexts.

In this study, we measure the magnitude of phenotypic asso-
ciations between 5 behavior patterns: aggression, shoaling
behavior, latency to feed after disturbance, activity level, and
predator response. We focus on associations indicative of the
3 behavioral syndromes outlined above, relating measures of
aggression and boldness, of activity with other behavior pat-
terns, and of behavior patterns that typically change with do-
mestication (including also recovery from disturbance and
predator approaches). We compare relationships within and
across 3 strains of zebrafish to identify those that are not only
large but consistent.

METHODS

Study species

Zebrafish are small cyprinids native to rivers of Pakistan, India,
and Bangladesh (Eaton and Farley 1974; Spence et al. 2006).
Under laboratory conditions, zebrafish are reproductively ac-
tive throughout the year and are easily maintained (Westerfield
1995). We tested the behavior of individuals from 3 strains of
zebrafish, all of which were raised from eggs in similar envi-
ronmental conditions. The TM1 strain is derived from zebra-
fish acquired from a pet store in 1986 and is now 30
generations removed from that point (Robison and Rowland
2005). The TM1 strain (mean standard length [SL] ¼ 31 mm,
standard error [SE] ¼ 0.3) has a green fluorescent protein
transgene that is detectable as a visible green emission when
exposed to ultraviolet light (Gibbs and Schmale 2000). Indi-
viduals of the Nadia strain (mean SL¼ 26mm, SE¼ 0.3) tested
in our experiment were only 5 generations removed from wild-
caught fish (for details, see http://zfin.org) and exhibit several
behavioral and morphological differences from TM1 fish that
suggest that Nadia have not yet evolved in response to the
laboratory environment (Robison and Rowland 2005). The
third strain, SH or Scientific Hatcheries, (mean SL ¼ 29 mm,
SE ¼ 0.4) is more similar to TM1 in that it was developed in
the early 1990s and is available commercially from Scientific
Hatcheries in Huntington Beach, CA. However, unlike the
TM1 strain that is maintained by breeding small numbers of
individuals, SH fish are reared and bred in large numbers,
approximating conditions one would expect to find in com-
mercial fish hatcheries (e.g., trout hatcheries). The 3 strains
have thus evolved under very different selective regimes.
We used mass breedings of adults from each strain to gen-

erate subjects for our experiment, raising animals under stan-
dard conditions in pure-strain groups until they were 5 months
of age (adults). Hatchlings were kept in small groups in
beakers and fed Paramecium caudatum for the first 15 days.
Juvenile zebrafish were then moved to 21-l aquaria in groups
of 10 where they were fed a diet of brine shrimp and flake food
twice daily. All aquaria were visually isolated from one another
and were housed in a constant temperature aquatic laboratory
(28.5 �C) on a 14:10 h light:dark cycle, as typical to promote
breeding and rapid development. The laboratory is serviced by
a US Filter organic carbon filter water treatment system that
delivers water to each tank separately and continually.

Behavioral measures

We measured the behavior of 84 fish, including 15 males and
15 females from the TM1 strain, 22 males and 8 females from
the Nadia strain, and 11 males and 13 females from the SH
strain. As in Moretz et al. (2006), we used a large testing arena
(115-l aquarium) to measure 3 types of behaviors: leaving
shoal, activity level, and predator approaches. Leaving shoal
was scored as the number of times (in 5 min) that the subject
fish moved more than 14 cm horizontally away from a stimulus
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shoal (4 fish of the same strain as the subject), visible to the
subject through a solid Plexiglas barrier. Leaving shoal might
be interpreted as a measure of boldness with bold individuals
moving away from the shoal more often than wary individuals.
Because of the lack of acclimation period immediately before
the trial began, leaving shoal might also be interpreted as an
inverse measure of the fish’s tendency to form groups when
recovering from a stressful situation. The stimulus shoal was
then obscured from view by an opaque Plexiglas barrier, and
activity level was estimated as the number of lines crossed on
a horizontal grid during 5 min, including both forwards and
backwards motion. Finally, a second, opaque barrier was lifted,
revealing a stationary epoxy model (SL¼ 83.5 mm, body
depth ¼ 3.2 mm), painted white with black bars to mimic
the appearance of a cichlid (Etroplus canarensis) found in the
same geographic areas as zebrafish. We scored predator ap-
proaches as the number of times (in 5 min) that the subject
moved within 14-cm horizontal distance of the predator. Sub-
jects with high predator approach scores might be considered
to be ‘‘bold.’’ Note that all 3 behavioral metrics are related to
each other in that they were measured in the same testing
arena and all 3 involved measurements of locomotion.
Subjects were then moved to a small holding tank (21 l) to

measure latency to feed and biting. Live brine shrimp were
placed in the tank at the same time as the subject, and we
recorded latency to feed in seconds. Because the fish were
offered the opportunity to eat immediately after a major dis-
turbance (being netted and placed in a new tank), we interpret
latency to feed as a measure of stress recovery or perhaps bold-
ness. Because latency to feed may also reflect individual varia-
tion in hunger, all fish were tested 5–6 h after the most recent
feeding. After, test subjects remained resting, visually isolated
from all other fish, until the next morning (at least 18 h later)
when we scored biting by placing a mirror at one end of an
individual’s tank and recording the number of bites directed at
the image over a 5-min period. As explained further in Moretz
et al. (2006), biting to a mirror has been mostly interpreted as
a measure of aggression (Gerlai 2003; Marks et al. 2005) but
may also indicate a more general measure of social motivation
or the intent to interact with a social partner. Tests in the large
arena were videotaped for later scoring, whereas tests in the
small holding tank were scored in real time by a single observer
(JAM). All tests took place early in the morning, within 1 hour
of lights being turned on and before daily feeding.

Statistical analyses

Relationships between measures of boldness (leaving shoal,
predator approaches, and possibly latency to feed after a dis-
turbance) and aggression (biting) would provide evidence for
an aggression–boldness syndrome. Relationships between our
single measure of activity level and each of the 4 other behav-
ior patterns would provide evidence of an activity syndrome.
Domestication is expected to influence boldness, aggression,
and also stress recovery (as reflected in our measure of latency
to feed after a disturbance). We thus began our analyses by
estimating the magnitude of pairwise relationships between
behavioral measures using Pearson product–moment correla-
tions as our measure of effect size. To avoid multiple compar-
isons, and because of the potential importance of sex and
strain effects, we did not conduct hypothesis tests on the cor-
relation coefficients themselves. Instead, we combined data
from all 3 strains and used analyses of variance (ANOVAs)
to estimate the same pairwise relationships, but now including
also sex and strain as predictors. Note that F values based on
Type III sums of squares in these analyses are identical regard-
less of which behavior pattern is set as predictor (X) and
which is identified as the response (Y). Because this approach

still resulted in 10 tests of related data, we further applied
a Bonferroni correction, considering only results with P ,
0.005 as being statistically significant, and limiting our atten-
tion to the single F value that describes the trait relationship.
We then used a multivariate analysis of variance (MANOVA)
to test the overall effects of sex and strain and a sex by strain
interaction effect on behavior. We square-root transformed
leaving shoal and predator approaches and natural-log trans-
formed latency to feed to obtain normal and homoscedastic
residuals in the ANOVAs and MANOVA. All analyses were
performed using SAS (2002).

RESULTS

Evidence of syndromes

Individual zebrafish that were more active also approached the
predator dummy more often (Figure 1 and Table 1), leading
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Figure 1
Relationship between activity level and predator approaches (0.28 ,
r , 0.45). There was a significant strain difference in both traits.
Crosses ¼ Nadia; filled circles ¼ SH; open inverted triangles ¼ TM1.

Table 1

Effect size for behavioral syndromes as estimated using Pearson
product–moment correlation coefficients (r) within each strain

Biting Latency to feed Predator Shoal

Activity (number of line crosses in 5 min)

Nadia 0.12 0.04 0.28* 0.02
SH �0.15 �0.49 0.37* 0.33
TM1 0.19 0.15 0.45* 0.52

Bites to a mirror stimulus (number per 5 min)

Nadia — 0.04 0.19 0.32
SH — 0.43 �0.10 �0.11
TM1 — �0.28 0.18 0.24

Latency to feed after disturbance (s)

Nadia — — �0.22 �0.04
SH — — �0.42 �0.18
TM1 — — �0.03 0.23

Predator approaches (number in 5 min)

Nadia — — — 0.31
SH — — — �0.04
TM1 — — — 0.15

Bold font highlights relationships with jr j � 0.25. Asterisks indicate
relationships that are statistically significant when tested using
ANOVAs (Table 2).
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to a significant relationship between 2 behavioral measures
(F ¼ 9.7; degrees of freedom [df] ¼ 1,73; P ¼ 0.003, Table
2), suggestive of an activity syndrome. This was the only pair-
wise relationship that was both large and consistent across all 3
strains (Table 2). A possible activity syndrome was also sup-
ported by an apparent relationship between activity levels
and the tendency to leave the vicinity of the shoal (in TM1
[r ¼ 0.52] and SH [r ¼ 0.33] but not Nadia [r ¼ 0.02]) and
between activity levels and latency to feed after a disturbance
(only in SH fish [r ¼ �0.49], Table 1). Because these other
relationships were larger in some strains than in others (Table
1), they were not statistically significant when tested across
all 3 strains (Table 2).
There was also a suggestion of a boldness–aggression syn-

drome in the relationships between biting and some measures
of boldness (leaving shoal and latency to feed after distur-
bance), but not others (predator approaches, Table 1). But
once again, the details were inconsistent across strains and
hence were not evident in the across-strain tests. Both Nadia
and TM1 fish that bit more often at a mirror stimulus were also
more likely to leave the immediate vicinity of a shoal (r ¼ 0.32
for Nadia, r ¼ 0.24 for TM1), but SH fish showed a weaker
pattern in the opposite direction (r ¼ �0.11, Table 1), such
that the overall relationship was not statistically significant
when subjected to the conservative Bonferroni criterion
(Table 2). Similarly, biting was related to latency to feed, but
this pattern differed critically across strains (Table 1) and was
hence not significant overall (Table 2). TM1 fish that bit fre-
quently took less time to feed after a disturbance, SH that bit
more often took more time to feed after a disturbance, and
there was no relationship between these 2 behavioral measures
in the Nadia (Table 1). We found no evidence of a relation-
ship between biting to the mirror stimulus and predator ap-
proaches (�0.1 , r , 0.2, Table 1).
Our results suggest a domestication syndrome in that indi-

vidual SH which fed quickly after a disturbance (a measure of
stress recovery) were also more active (r ¼ �0.49), less likely to
bite at a mirror stimulus (r ¼ 0.43), and more likely to ap-
proach a predator (r ¼ �0.42, Table 1). But these patterns
were not strong in the other 2 strains or showed conflicting
patterns. For example, TM1 fish that fed rapidly after a distur-
bance actually bit more often to the mirror stimulus (r ¼

�0.28), and Nadia showed no strong relationships between
latency to feed after a disturbance and other measures. Thus,
again, these domestication relationships were not confirmed
by the ANOVA tests because of inconsistencies in the pattern
across strains (Table 2).

Sex and strain differences

Sex differences in behavior were small (Table 3). Male zebra-
fish were more active, took longer to feed after a disturbance,
approached the predator dummy, and left the vicinity of
a shoal more often than did females. But when behavior pat-
terns were tested simultaneously in a MANOVA, neither sex
differences (Wilks’ k ¼ 0.86; F ¼ 1.87; df ¼ 5,58; P ¼ 0.1137)
nor interactions between sex and strain (Wilks’ k ¼ 0.80; F ¼
1.39; df ¼ 10,116; P ¼ 0.1939) were statistically significant.
In contrast, we found robust and significant strain differ-

ences in behavior (Wilks’ k ¼ 0.55; F ¼ 4.04; df ¼ 10,116; P ¼
0.0001). Although these strain differences were evident in all
the behavior patterns (Figure 2 and Table 3), they were most
pronounced in biting to a mirror (F ¼ 10.0; df ¼ 2,62; P ¼
0.002) and latency to feed after a disturbance (F ¼ 3.4; df ¼
2,62; P ¼ 0.04). TM1 individuals bit the mirror stimulus more
often and fed more quickly after a disturbance than did indi-
viduals of the other 2 strains (Table 3).
As might be expected for a nondomesticated strain, individ-

ual Nadia were less active, less aggressive (bit the mirror less
often), and less bold (feeding less soon after disturbance
and approaching the predator less) than were individuals of
the TM1 laboratory strain (Figure 2). Nadia also left the shoal
slightly more often than did TM1 fish. The domestication
syndrome was not confirmed, however, by results from the
SH laboratory strain. Individual SH fish were often more sim-
ilar to Nadia (wild derived) than to individuals of the TM1

Table 2

F values, df (in parentheses), and P values from ANOVAs testing
significance of behavioral relationships while including also sex,
strain, and a sex 3 strain interaction effect

Biting
Latency
to feed Predator Shoal

Activity 0.6 1.5 9.7* 1.3
(1,72) (1,66) (1,73) (1,71)
0.461 0.228 0.003 0.254

Bites 0.0 1.2 4.9
(1,70) (1,75) (1,75)
0.956 0.267 0.030

Latency to feed
after disturbance 3.1 0.3

(1,69) (1,69)
0.084 0.609

Predator approaches 1.1
(1,74)
0.292

Asterisk indicates that relationship is statistically significant when
tested using Type III sums of squares to account first for sex and strain
effects and employing a Bonferroni correction for multiple tests
(P , 0.005).

Table 3

Behavioral means (one standard error) for each sex and strain, as
well as F, df, and P values for MANOVA test of the overall
significance of sex and strain effects

Nadia TM1 SH Overall

Activity (number of line crosses in 5 min)

Females 63 (18.0) 84 (4.8) 92 (5.9) 82 (5.2)
Males 74 (11.6) 102 (11.0) 111 (13.0) 90 (7.4)
Total 71 (9.6) 92 (5.8) 100 (9.6)

Biting to mirror (in 5 min)

Females 51 (10.9) 103 (11.7) 52 (10.9) 72 (7.8)
Males 70 (9.3) 92 (14.6) 46 (9.0) 72 (7.0)
Total 65 (7.5) 97 (9.3) 50 (7.2)

Latency to feed after disturbance (s)

Females 21 (5.8) 14 (4.4) 50 (12.3) 27 (5.4)
Males 68 (16.6) 26 (4.7) 31 (8.7) 46 (8.4)
Total 55 (12.9) 19 (3.4) 40 (7.6)

Predator approaches (number in 5 min)

Females 8 (3.5) 11 (1.2) 10 (1.9) 10 (1.1)
Males 10 (2.5) 17 (2.8) 10 (2.7) 12 (1.7)
Total 9 (2.0) 14 (1.6) 10 (1.6)

Leaving shoal (number in 5 min)

Females 7 (2.7) 4 (1.0) 12 (3.5) 8 (1.6)
Males 9 (1.5) 8 (2.6) 14 (2.0) 9 (1.1)
Total 9 (1.3) 6 (2.2) 13 (2.2)

Combined behavior Wilk’s k F df P value
Sex 1.9 5,58 0.114
Strain 4.0 10,116 ,0.001
Sex 3 strain 1.4 10,116 0.194
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laboratory strain (Figure 2) and were less aggressive and more
likely to leave the vicinity of the shoal than were either of
the 2 other strains. The 2 laboratory strains (SH and TM1)
were more similar to each other than to the more recently
domesticated Nadia strain only in activity level (Table 2).

DISCUSSION

Our study finds relationships between behavior and activity
level in 3 strains of zebrafish and weaker evidence of a bold-
ness–aggression syndrome and a domestication syndrome in
some, but not other, strains. In the latter 2 cases, the direction
of the relationship in the syndrome also depended on the
strain. In fact, strain differences in nearly every behavior pat-
tern were pronounced, whereas sex differences were generally
small.
Specifically, we found relationships between activity level

and (1) tendency to approach a predator in all 3 strains, (2)
tendency to move away from a shoal (TM1 and SH, but not
Nadia), and (3) latency to feed after a disturbance (SH only).
These results are consistent with the growing body of evidence

that many forms of behavior are constrained by underlying
metabolic costs (reviewed in Sih, Bell, Johnson, and Ziemba
2004). As reviewed by Meffert et al. (2002; see also Higgins
et al. 2005), many forms of behavior in flies are also tightly
associated with activity level. Similar associations have also
been found between activity level, exploratory behavior, and
shoaling (Budaev 1997a,b; Budaev and Zhuikov 1998). In
part, these relationships in our own and other studies may
be explained by similarities in the underlying scoring proce-
dure—we might expect predator approaches or exploratory
behavior to be associated with activity level when these behav-
ior patterns are scored in terms of locomotion about an arena.
In our own study, the lack of some relationships that involved
measures of locomotion (e.g., between leaving shoal and
predator approaches) suggests that the observed activity syn-
drome goes beyond a relationship between scoring metrics.
We found relationships between boldness and aggression,

but the relationships depended on both strain and the details
of the behavior patterns being considered. Nadia and TM1
that bit more frequently tended to be more willing to leave
the vicinity of a shoal, but the opposite pattern was seen in the
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Figure 2
Behavioral means for each
strain. Error bars indicate 1 SE.
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SH strain. Similarly, the relationship seen in TM1 fish between
biting and quick feeding after a disturbance was reversed in
SH fish (SH that bit more often took longer to feed after
a disturbance) and was not at all present in Nadia fish. Bell
(2005) suggests that the boldness–aggression syndrome ismore
likely to be present in populations with high predation levels.
Although the SH strain is maintained in a predator-free envi-
ronment, competition from conspecifics in high-density–rear-
ing environments may have had a similar evolutionary effect
to high predation. Further studies comparing the selective
impact of conspecific competition and predation levels may
be warranted. Similarly, strain differences in the direction of
the observed relationships suggest that although some fish
strains exhibit ‘‘proactive’’ and ‘‘reactive’’ personalities similar
to those described for birds and mammals, further research
is needed to determine whether and how these personalities
may be related to an underlying HPA axis.
Although we found several major differences between 2 ze-

brafish strains (TM1 and Nadia) suggestive of a domestication
syndrome (consistent with that proposed by Robison and
Rowland 2005), data for a third strain (SH) did not support
this conclusion. This is similar to previous results showing that
fish domestication has had highly variable effects on behavior.
Domestication has lead to increases (e.g., Einum and Fleming
1997; Metcalfe et al. 2003), decreases (Fleming et al. 1996;
Berejikian et al. 1997; Hedenskog et al. 2002), and no change
(Johnsson et al. 1996; Yamamoto and Reinhardt 2003) in fish
aggression. As shown in our study, laboratory strains of zebra-
fish can vary dramatically in their behavior. Wild-type zebrafish
strains derived from different natural populations can also vary
markedly in behavior (Wright et al. 2003). Thus, the wild/
domesticated dichotomy may not be a sufficient description
of the differences in evolutionary history, genetic background,
and selective regime.
Although other behavioral syndrome studies have reported

correlation values (r) ranging from 0.4 to 0.8 (Huntingford
1976; Hedrick 2000; Sih et al. 2003; Bell and Stamps 2004;
Ward et al. 2004; Bell 2005), such strong correlations may have
only a short-term effect on behavioral evolution. Over time,
strong phenotypic or genetic correlations decrease differences
among individuals in a population. Thus, unless correlational
selection is acting on the 2 traits or the animals exist in envi-
ronments that fluctuate over time (Roff 1996), the originally
strong phenotypic or genetic correlations are likely to disap-
pear as the 2 traits reach fixation. Alternatively, weak, but
persistent, genetic correlations may have a more profound
evolutionary impact when considered over long periods of
time, especially for behavioral traits that are influenced by tens
or hundreds of genes (e.g., Anholt et al. 2003; Flint 2003). In
these cases, strong genetic linkages between subsets of these
genes may produce only weak phenotypic correlations, which
over long periods of time have profound effects on the direc-
tion of evolutionary change. Comparative studies that infer
selection from interspecific variation (e.g., Hansen 1997; Prum
1997) are needed to determine when behavioral syndromes
measured in a single generation are sufficiently large to lead
to long-term behavioral evolution.
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