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Abstract

A perplexing new question that has emerged from the recent surge of interest in
behavioural syndromes or animal personalities is — why do individual animals behave
consistently when behavioural flexibility is advantageous? 1f individuals have a tendency
to be generally aggressive, then a relatively aggtressive individual might be ovetly
aggressive towards offspring, mates or even predators. Despite these costs, studies in
several taxa have shown that individuals that are more aggressive are also relatively bold.
However, the behavioural correlation is not universal; even within a species, population
comparisons have shown that boldness and aggressiveness are correlated in populations
of sticklebacks that ate under strong predation pressure, but not in low predation
populations. Here, we provide the first demonstration that an environmental factor can
induce a correlation between boldness and aggressiveness. Boldness under predation risk
and aggressiveness towards a conspecific were measured before and after sticklebacks
were exposed to predation by trout, which predated half the sticklebacks. Exposure to
predation generated the boldness—aggressiveness behavioural correlation. The beha-
vioural correlation was produced by both selection by predators and behavioural
plasticity. These results support the hypothesis that certain correlations between
behaviours might be adaptive in some environments.
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INTRODUCTION

towards predators and conspecific competitors, but their
counterparts from safe environments do not.

Behavioural correlations are difficult to explain because
behavioural flexibility is advantageous (Sih ez a/. 2004a). For
example, if individuals have a tendency to be generally
aggressive, then a relatively aggressive individual might be
overly aggressive towards offspring (Wingfield e# a/. 1990;
Ketterson & Nolan 1999), mates (Johnson & Sih 2005) or
even predators (Sih ez a/ 2004a). Despite these costs, studies
in several taxa have shown that individuals that are more
aggressive are also relatively bold (Huntingford 1976;
Hedrick & Riechert 1989; Riechert & Hedrick 1990; Bell
2005; Johnson & Sih 2005). However, the behavioural
correlation is not universal, even within a species: popula-
tion comparisons (Bell 2005; Dingemanse ef a/. in press)
have shown that sticklebacks from populations that are
under

sttong predation pressute behave consistently
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One possible reason why there is a behavioural correla-
tion in high but not low predation populations could be that
predators favour the correlation between boldness and
aggressiveness via correlational selection. Correlational
selection occurs when certain combinations of traits are
favoured over others, such that the fitness of one trait
depends on the value of other traits (Lande & Arnold 1983;
Brodie ef al. 1995; Svensson ef al. 2001). For example,
correlational selection favours certain combinations of
colour patterns and escape behaviours in garter snakes
(Brodie 1992). As both behavioural reactions to predators
(Tulley & Huntingford 1987; Huntingford ez a/. 1994) and to
conspecifics (Bakker 1986) are partly heritable in stickle-
backs, a response to natural selection by predators might
have produced the cortelation in high predation popula-
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tions. However, it is worth keeping in mind that both of
these behaviours are also sensitive to the environment
(Huntingford & Wright 1992; Bell 2005).

In this experiment, we subjected sticklebacks from a
population that did not exhibit a boldness—aggressiveness
behavioural correlation to real predation in order to test the
hypothesis that predators induce the behavioural correla-
tion. Boldness and aggressiveness were measured on
individually marked sticklebacks prior to exposure to real
predation and after half of them had been consumed by
rainbow trout (Oncorrynchus mykiss). To our knowledge, this
is the first experiment to test whether behavioural correla-
tions are favoured in certain environments.

MATERIALS AND METHODS

Subadult sticklebacks were collected in February—March
2006 from Putah Creek, California and were brought to the
Center for Aquatic Biology and Aquaculture, University of
California, Davis. Historically, sticklebacks in Putah Creek
have not been subjected to strong predatory selection by
fish and boldness and aggressiveness are not correlated with
each other in this population (Bell 2005). The sticklebacks
were maintained in groups in 379-L flow-through fiberglass
tanks on a natural (Davis) photopetiod at 17-18 °C.
Sticklebacks were fed « 10% of their body weight in frozen
brine shrimp, live tubifex worms or frozen blood worms
once a day.

Age 1+ trout (0.34-0.45 kg) were delivered to the
laboratory from the Silverado Hatchery (California Fish
and Game) on 8 March 2006. Three trout per pool were
kept in four outdoor 379-L pools, which were supplied with
well water at 16° and exposed to a natural (Davis)
photoperiod. An identical pool adjacent to the experimental
pools was used to hold animals in the ‘control’ group, which
were not exposed to predation by trout. All of the pools
were covered with mesh which prevented other predators
(birds and mammals) from gaining access to the fish.

Behavioural observations

Behavioural observations were catried out between 16 and
24 March 2006 (before) and between 3 and 7 April 2006
(after). The sticklebacks had been in the laboratory for
1-2 months. Throughout the experiment, we minimized the
number of times each individual was netted to reduce a
possible confounding effect of simulated predation.
Twenty-four individuals were observed on each observation
day. Individual sticklebacks were placed in 37.9 L aquaria
where they were allowed to acclimate to the tank for one
night before behavioural observations began. FEach aquat-
ium had a food cup attached at the surface near the front of
the tank and a piece of 5 cm in diameter polyvinyl chloride

pipe which served as a refuge. Sticklebacks were deptived of
food for 1 day prior to behavioural observations to
standardize hunger levels. At least 10 min prior to beha-
vioural observations, opaque dividers were inserted between
the aquaria to prevent visual contact between the stickle-
backs.

Measuring aggressiveness towards conspecifics

Individual levels of aggressiveness were assessed by record-
ing their behavioural response to a simulated intrusion by a
competitor. Duting this assay, the focal fish typically
behaves aggressively towards the unfamiliar conspecific
probably due to a prior residence advantage. A conspecific
of approximately the same size (within 5 mm standard
length) as the focal fish was gently netted from a holding
tank containing 20 individually marked sticklebacks which
acted as intruders. Several intruders were used to prevent
chronic stress caused by repeated fighting. The intruder was
gently placed into a cup and lowered into the focal fish’s
tank and the focal fish’s response to the simulated intrusion
was recorded for 5 min after the focal fish first oriented to
the intruder. We defined orienting as occurring when the
focal fish turned its body head-first towards the intruder and
visually tracked the intruder by orienting to it. Specifically,
we measured the latency to bite the intruder, the total time
spent orienting, the number of times the focal fish oriented
to the intruder, the number of chases, the number of bites
delivered to the intruder and the time spent within one body
length of the intruder.

Measuring boldness under predation risk

At least 2 h after a fish was observed for aggressiveness, we
measured its willingness to forage under predation risk by a
simulated bird predator (Jonsson ez al. 1996; Krause ef al.
1998; Bell 2005). We carefully secured a great egret skull
directly over the focal fish’s tank and placed six live tubifex
worms into a food cup located directly under the egret skull.
After the fish took a bite of food from the food cup, the
egret skull was quickly released, simulating a strike. It is
important to note that this assay of willingness to forage
under predation risk required an initial behavioural response
to the threat.

At the end of each observation day, sticklebacks were
marked with an elastomer tag (Northwest Marine Technol-
ogies, Shaw Island, WA, USA) under a low dose (5 mg L.
of anaesthetic (MS-222). Each fish was injected in four
different locations with one of three different colours
(yellow, orange or red) with a fine syringe (29-guage). The
different colour combinations were randomly assigned.
The elastomer was injected under the skin and is only visible
under UV light. After marking, fish were allowed to recover
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from the anaesthesia in a bucket with an airstone and refuge.
Behavioural observations took place over the course of
8 days. Fish were measured for length with a measuring
board to the nearest 1 mm and weight with an electronic
balance to the nearest 0.01 g and were randomly assigned to
one of the five pools. The fish were then transferred to
holding tanks (one tank per pool).

After all of the fish were observed and marked, the
sticklebacks were transferred to the system of outdoor
pools. Each pool contained two refuges which consisted of
a 20 X 35 cm piece of transparent grey plexiglass supported
by four different screws at 5 cm height which allowed many
sticklebacks at a time to hide under the plexiglass but did
not allow trout to enter. Although this standardized,
experimental set-up is simple relative to more complex
natural environments, it includes refuges and sufficient
space for prey to exhibit their natural antipredator behavi-
outs. It should thus be suitable for determining whether
exposure to predation induces the behavioural correlation.

Prior to actual predation, the density of sticklebacks was
n = 34-36 per experimental pool and # = 20 in the control
pool. We monitored the pools via visual inspection to
determine when approximately half of the sticklebacks had
been consumed by the trout (24 h after the sticklebacks
were added to the pools), at which point we removed the
trout. The survivors’ boldness and aggressiveness were re-
assayed within 1 week after the trout were removed
following the same procedures desctibed above (‘after’).

Data analysis

To reduce the dimensionality of the data set for the
selection analysis (Brodie ef 2/ 1995), we identified one
behaviour in each context aggressiveness and willingness to
forage under predation risk) that was variable across
individuals and which summarized their overall behavioural
response: number of orients to the conspecific and time
spent eating under predation risk. We interpret orienting as
a mild form of aggression because it was positively
correlated with attacking a conspecific, and an attack was
always preceded by orienting.

As some of the behavioural variables were not normally
distributed, we tested for the effects of body size, pool,
treatment (control/experimental) on behaviour using the
appropriate nonparametric tests. Correlations between
behaviours within (boldness before and after, aggressiveness
before and after) and across (boldness and aggressiveness
before, boldness and aggressiveness after) contexts were
assessed by Speatman’s rank nonparametric cotrelations.
We tested for differences in correlation coefficients using
Fisher’s / transformation (Zar 1999).

Of the 122 experimental individuals measured before
exposure to predation, 65 individuals were consumed by the
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trout and 57 individuals survived. The control group
consisted of 20 individuals. We found no effect of either
length or weight on behaviour or survivorship and therefore
did not include those vatiables in the phenotypic selection
analysis (see Results).

Phenotypic selection gradient analysis (Lande & Arnold
1983) was employed to identify the best behavioural
predictors of fitness (sutvivorship) while accounting for
both direct and indirect selection. First, we standardized the
‘before’ behavioural vatiables within the experimental
group. Then, we used linear regression to regress the
standardized values, their squared terms and the cross-
products of the pairwise combination on relative fitness
(whether an individual died or survived, divided by average
fitness of the population) to estimate directional, stabilizing
and correlational selection gradients, respectively. As we
predicted @ priori that boldness would be selected against
(Dugatkin 1992; Biro ez a/. 2004), we used a one-tailed test
for this variable. All other statistical tests were two-tailed.

In addition to this measure of correlational selection, we
divided individuals into four groups based on whether they
were above or below the mean values for boldness and
aggressiveness. We then used a chi-squared test to deter-
mine if certain combinations of behaviours (bold and
aggressive, bold and non-aggressive, etc.) had higher
sutvivorship than others. We compatred behaviour ‘before’
and ‘after’ exposute to trout using paired (Wilcoxon signed
rank test) analyses of the behaviour of the survivors.

RESULTS

Neither length nor weight was related to behaviour (weight:
aggression r = 0.124, P = 0.177, boldness r = 0.010,
P = 0.913; length: aggression r = 0.104, P = 0.258, bold-
ness = 0.027, P = 0.766) or survival (regression length
B = —0.408, P = 0.067, weight B = 0.333, P = 0.134). The
average length of the experimental animals was
42 + 41 mm SD and weight was 1.02 * 0.34 g SD. We
did not detect an effect of experimental pool on behaviour
or the correlation using ANCOVA (after aggression: pool
F356 = 1.274, P = 0.294, pool * boldness F35, = 2.251,
P = 0.094).

Prior to exposure to actual predation by trout, aggres-
siveness (orients towards a conspecific) was not correlated
with boldness (time eating under predation risk; Fig. 1,
r = 0.143, P = 0.117). This result is in agreement with other
studies which have found that this population of stickle-
backs does not have the boldness—aggressiveness beha-
vioural syndrome (Bell & Stamps 2004; Bell 2005).

However, the behaviours became significantly positively
correlated after exposure to real predation by live trout
(Fig. 2, r=0.459, P < 0.001). The before and after
exposure to predation correlation coefficients between
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Figure 1 The behaviours were not correlated prior to exposure
with real predation. Individual differences in aggressiveness
(number of orients to an unfamiliar intruder) were not correlated
with boldness under predation risk (time spent eating following a
simulated attack by an egret). Survivors are represented by open
circles, individuals that were consumed by the trout are represented
by closed circles. Some citcles represent more than one individual.
Rates of sutrvivorship in each quartile are marked.
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Figure 2 The behavioural cortelation appeared among the sutvi-
VOrs.

boldness and aggressiveness are significantly different from
each other (Z = 2.43, P = 0.008).

The failure to detect a correlation before predation was
not due to lack of variance or lack of statistical power (see
Fig. 1). Indeed, it is important to note that the sample size
after predation was less than half of what it was before
exposure to predation. In addition, events other than
exposure to the trout were not sufficient to generate the
correlation: the behaviours were not correlated in the
control group either before (» = 0.366, P = 0.113) or after
the control animals were placed in a pool which did not
contain trout (r = —0.175, P = 0.460). Finally, differences

between pools did not affect the correlation (partial
correlation coefficient, controlling for the effect of
pool = 0.446, P < 0.001).

One possible mechanism that could have generated the
correlation after exposure to predation is natural selection
favouring individuals that behaved in a consistent way
towards both predators and conspecifics. That is, perhaps
individuals that were either bold or aggressive, shy and non-
aggressive or showed intermediate levels of both behaviour
survived better than individuals that were mismatched.
Another process that could have produced the behavioural
correlation after exposure to real predation by trout is
behavioural plasticity. That is, perhaps individuals changed
their behaviour to generate the correlation after exposure to
predation.

We found that both selection and plasticity contributed to
the induced correlation between boldness and aggressive-
ness. With respect to selection, as predicted (Dugatkin 1992;
Biro et al. 2004), bold individuals were more likely to be
consumed by the trout (Table 1). In addition, there was
directional selection favouring aggressiveness: sticklebacks
that were more aggressive and more likely to survive
exposure to predators (Table 1).

More intriguingly, an individual’s combination of behav-
iours was also important for fitness, but selection was not
correlational. Among the individuals that survived preda-
tion, boldness and aggressiveness before exposure to
predation were not correlated (r = 0.177, P = 0.188). This
result is in agreement with the phenotypic selection analysis,
which did not detect significant correlational selection
favouring the cotrelation (f = 0.095, P > 0.05). Instead,
individuals that were both bold and unaggressive suffered
the highest mortality (Fig. 1, }(2 = 7.875, d.f. =3,
P =0.049). That is, there were antagonistic selection
pressures on two positively correlated traits: selection
favoured aggressive individuals and shy individuals.

Table 1 Directional, stabilizing and correlational standardized
selection gradients (B) from linear regression

Selection
B P-value differential
Number of orients 0.207 0.043 8+ 0.4-6 = 0.6
Time eating —0.155 0.051 151 £ 10.5-153 + 13.4

Number of orients 0.043  0.640
* time eating

Number of orients’> —0.067 0.502

Time eating” 0.084 0.760

Model Fis5 151 = 1.471, P = 0.205. All P-values are two-tailed except
time eating. The selection differentials show the difference between
the population means before and after selection. There is a statis-
tically significant difference between mean orients before and after
(see text).
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But selection is not the whole story because individuals
changed how they behaved after they were exposed to trout
which ate half of their conspecifics: they became less
aggressive (survivors only: paired Wilcoxon signed ranks test
Z = —=2.444, n = 57, P = 0.015). Behavioural plasticity was
not observed in the control group, which showed no
difference in aggressiveness before and after exposure to
trout (paired Wilcoxon signed ranks test £ = —1.474,
P = 0.140).

Moreover, exposure to predators shuffled the rank order
differences between individuals in aggressiveness: the fish
that were relatively aggressive before exposure to real
predation risk were not necessarily the most aggressive
individuals afterwards (r = —0.014, P = 0.921).

Surprisingly, individuals did not tend to change their
boldness under predation risk after exposure to predators
(Mann—Whitney £ = —0.176, P = 0.861) and boldness was
stable across individuals: time spent eating before exposure
to the trout was correlated with time spent eating afterwards
(r=10.29, P = 0.029).

DISCUSSION

Population comparisons (Bell 2005; Dingemanse e al. in
press) have shown that boldness and aggtessiveness tend to
covaty in ‘high predation’ populations. This study provides
experimental evidence that predation favours the correlation
between boldness towards predators and aggressiveness
towards conspecifics.

We found that there were both selected and plastic
responses to predation. As predicted, individuals that were
more willing to forage under predation risk were less likely
to survive in the face of real predation. In addition,
sticklebacks that were more aggressive were more likely to
survive exposute to predators. This result is consistent with
the field pattern showing that levels of aggression are higher
in high predation populations (Giles & Huntingford 1984;
Bell 2005). Because aggressiveness was measuted in the
absence of predation risk, this result implies that more
aggressive individuals have some other attribute that is
related to performance during predation. We suspect that
more aggressive individuals are more attentive to the
behaviour of either a conspecific or heterospecific, which
might contribute to their ability to survive during a
predatory challenge.

It is interesting to note that even though selection
favoured more aggressive individuals, levels of aggressive-
ness actually decreased after predation risk was removed.
One possible explanation for this pattern is that after being
stressed by the predator (Bell es 2/ 2007) sticklebacks
became acclimated to stress generally and became less
reactive to other challenges. Another possibility is that
perhaps the dampening effects of predation risk on
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behaviour persisted after risk was removed because infor-
mation about predation risk was still uncertain (Sih 1992).

Aggressiveness appears to be generally more malleable
than boldness. For example, individual differences in aggtres-
siveness were not stable across individuals and the fish that
frequently oriented before exposure to real predation were
not necessarily the individuals that engaged in high levels of
this behaviour afterwards. In contrast, willingness to forage
under predation risk did not change after exposure to trout
and was stable across individuals.

We infer that predation generated the boldness—aggres-
siveness behavioural correlation by removing individuals
that were bold and unaggressive from the population, and
by causing individuals to reduce their aggressiveness. We
suspect that the contribution of plasticity to the correlation
was driven primarily by changes in aggressiveness. A rough
approximation of the change in the correlation due to
plasticity is reflected in the difference between the corre-
lation coefficients of the survivors ‘before’ (r = 0.177) and
‘aftet’” predation (r = 0.459). Howevet, a strong test of the
plasticity hypothesis needs to evaluate the effect of exposure
to non-lethal risk on the correlation.

There is increasing evidence for covariance among
behavioural responses [reviewed in Koolhaas ez a/ (1999),
Gosling (2001), Sih e al (2004b), Dingemanse & Reale
(2005) and Bell (2007)]. Like other morphological or life
history traits, many behaviours (including boldness and
aggressiveness) that comprise behavioural syndromes ate
influenced by both inherited genetic and environmental
factors. Therefore, both evolutionary and plastic responses
to the environment could depend on the values of other,
correlated behaviours (Stamps 2003). Future development
of theory and a quantitative framework to explore the joint
influence of correlational selection and correlational beha-
vioural plasticity (e.g. Schlichting 1989; Stearns e a/. 1991;
DeWitt e al. 1999; Relyea 2002; Malausa ef al. 2005; Parsons
& Robinson 2006) should prove insightful.

An outstanding question that remains is — why does
predation favour the corelation? That is, why are boldness and
aggressiveness coupled together when predation is strong?
One possibility is that stressful conditions impose a tradeoff
(Van Noordwijk & de Jong 1986) and cause tighter
correlations among traits (Waitt & Levin 1993; Newman
1994; Badyaev & Foresman 2004).On a more behavioural
level, another possibility is that there are different strategies
for coping with predators, which is related to behaviours in
other contexts. For example, in sticklebacks, schooling
(Ward ez al. 2002) and predator inspection (Walling ez a/.
2004) represent alternative antipredator tactics. Perhaps
schooling individuals are fearful and rely on the safety of the
school for protection against predators, whereas predator
inspectors boldly approach predators to gain information
about the threat of predation. If individuals vary in the
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antipredator tactics that they employ, then that might also
explain correlated individual differences in aggressiveness.
High levels of aggression are incompatible with effective
schooling (Magurran & Seghers 1994), so individuals relying
on schooling for defence should be non-aggressive. In
contrast, predator inspectors can afford to be generally
aggressive.

The explanation proposed above could apply not just to
sticklebacks, but also to other situations where prey
individuals engage in alternative antipredator styles invol-
ving unaggressive group defence vs. aggressive individual
defence (Fuiman & Cowan 2003). We suggest that a general
mechanism that could generate and maintain alternative
behavioural styles is if an individual’s antipredator style is
linked to some other stable, less plastic aspect of their state
— e.g. their access to information or life history strategies.
Bold individuals might have access to more information
about risk or be on a particular life history trajectory
(Stamps 2007; Wolf ez al. 2007), and therefore be more likely
to take risks in other situations.

Finally, in addition to the implications of these results for
behavioural evolution in animals, this study is also relevant
to studies of human personality. It is commonly observed
that certain personalities tend to occur in certain environ-
ments (person—environment correlation; Plomin 2005). For
instance, neurotic individuals are more likely to experience
stressful life events. Such person—environment correlations
might reflect active or passive situation choice. In the
former case, certain personalities preferentially select certain
environments. In the latter case, the environment favours
certain personalities. Our results suggest that both types of
mechanisms might be operating in sticklebacks: individuals
plastically changed their behaviour in response to predators
(active) but selection also favoured certain behavioural types
over others (passive).

In conclusion, we found that exposure to predation
generated a behavioural syndrome. The behavioural corre-
lation was produced by both selection by predators and
behavioural plasticity. These results support the hypothesis
that certain combinations of behaviours might be adaptive
in some environments (Dall ¢z a/. 2004; Bell 2005).

ACKNOWLEDGEMENTS

For technical help, we thank Erik Hallen, Paul Lutes, Brett
Hanshew, Lauren Valverde, Ripan Malhi, Louise Conrad,
Jason Watters and the Silverado Hatchery. Patrick Phillips
helped with the selection analysis. Rick Relyea, Max Wolf and
Judy Stamps offered valuable insights, as did three referees of
the manuscript. These experiments were carried out in
accordance with UC Davis institutional guidelines and were
approved under Animal Care and Use Protocol #06-14142.
This work was supported in part by a grant to AS from the

National Science Foundation (NSF), an NSF Postdoctoral
Fellowship to AMB and a Postdoctoral Fellowship from the
American Association for University Women to AMB.

REFERENCE

Badyaev, A.V. & Foresman, K.R. (2004). Evolution of morpho-
logical integration: I. Functional units channel stress-induced
variation in shrew mandibles. A». Nat., 163, 868-879.

Bakker, T.C.M. (1986). Aggressiveness in sticklebacks (Guasterostens
aculeatns) a behavior-genetic study. Bebavionr, 98, 1-144.

Bell, A.M. (2005). Differences between individuals and populations
of threespined stickleback. /. Evol. Biol., 18, 464—473.

Bell, AM. (2007). Future directions in behavioral syndromes
research. Proc. R. Soc. Biol. Sci. B, 274, 755-761.

Bell, A.M. & Stamps, J.A. (2004). The development of behavioural
differences between individuals and populations of stickleback.
Abnim. Bebav., 68, 1339—1348.

Bell, A M., Backstrom, T., Huntingford, F.A., Pottinger, T.G. &
Winberg, S. (2007). Variable behavioral and neuroendocrine
responses to ecologically-relevant challenges in sticklebacks.
Physiol. Bebav., 91, 15-25.

Biro, P.A., Abrahams, M.V., Post, J.R. & Parkinson, E.A. (2004).
Predators select against high growth rates and risk-taking
behaviour in domestic trout populations. Proc. R. Soc. Lond., B,
271, 2233-2237.

Brodie, E.D.I. (1992). Cortelational selection for color patterns and
antipredator behavior in the garter snake. Ewolution, 40,
1284-1298.

Brodie, E.D.I,, Moore, AJ. & Janzen, FJ. (1995). Visualizing
and quantifying natural selection. 7rends Ecol. Ewvol., 10, 313—
318.

Dall, S.R.X., Houston, A.I. & McNamara, ].M. (2004). The beha-
vioural ecology of personality: consistent individual differences
from an adaptive perspective. Ecol Lett., 7, 734-739.

DeWitt, T.J., Sih, A. & Hucko, J.A. (1999). Trait compensation and
cospecialization in a freshwater snail: size, shape and antipred-
ator behaviout. Anim. Behav., 58, 397-407.

Dingemanse, N.J. & Reale, D. (2005). Natural selection and animal
petsonality. Behavionr, 142, 1159—-1184.

Dingemanse, N.J., Thomas, D.K., Wright, J., Kazem, AJ.N.,
Koese, B., Hickling, R. ¢f a/. (in ptess). Behavioural syndromes
differ predictably between twelve populations of threespined
stickleback. /. Anim. Ecol.

Dugatkin, L.A. (1992). Tendency to inspect predators predicts
mortality risk in the guppy. Bebav. Ecol., 3, 124-127.

Fuiman, L.A. & Cowan, J.H. Jr (2003). Behavior and recruitment
success in fish larvae: repeatability and covariation of survival
skills. Evology, 84, 53—67.

Giles, N. & Huntingford, F.A. (1984). Predation risk and inter-
population variation in antipredator behaviour in the threes-
pined stickleback. Anim. Behav., 32, 264-275.

Gosling, S.D. (2001). From mice to men: what can we learn about
petsonality from animal research? Psychol. Bull., 127, 45-86.

Hedrick, A.V. & Riechert, S.F. (1989). Genetically-based vatiation
between two spider populations in foraging behavior. Oecologia,
80, 533-539.

Huntingford, F.A. (1976). The relationship between inter- and
intra-specific aggression. Anim. Behav., 24, 485—497.

© 2007 Blackwell Publishing Ltd/CNRS



834 A. M. Bell and A. Sih

Letter

Huntingford, F.A. & Wright, P.J. (1992). Inherited population
differences in avoidance conditioning in threespined stickle-
backs, Gasterosteus aculeatus. Behaviour, 122, 264-273.

Huntingford, F.A., Wright, P.J. & Tierney, ].F. (1994). Adaptive
variation and antipredator behaviour in threespine stickleback.
In: The Evolutionary Biology of the Threespine Stickleback (eds Bell,
M.A. & Foster, S.A.). Oxford, Oxford, pp. 277-295.

Johnson, J. & Sih, A. (2005). Pre-copulatory sexual cannibalism in
fishing spidets (Dolomedes triton): a role for behavioral syndromes.
Behav. Ecol. Sociobiol., 58, 390-396.

Jonsson, E., Johnsson, J.I. & Bjornsson, B.T. (1996). Growth
hormone increases predation exposure of rainbow trout. Proc. R.
Soc. Lond., B, 263, 647—651.

Ketterson, E.D. & Nolan, V. (1999). Adaptation, exaptation, and
constraint: a hormonal perspective. Am. Nat., 154, S4-S25.

Koolhaas, J.M., Korte, S.M., De Boer, S.F., Van Der Vegt, B.J.,
Van Reenen, C.G., Hopster, H. ez a/. (1999). Coping styles in
animals: current status in behavior and stress-physiology. Nex-
rosci. Biobehav. Rev., 23, 925-935.

Krause, J., Loader, S.P., McDermont, J. & Ruxton, G.D. (1998).
Refuge use by fish as a function of body length-related metabolic
expenditure and predation risks. Proc. R. Soc. Lond., B, 265,
2373-2379.

Lande, R. & Arnold, S.J. (1983). The measurement of selection on
correlated characters. Evolution, 37, 1210-1226.

Magurran, A.E. & Seghers, B.H. (1994). Predator inspection
behaviour covaties with schooling tendency amongst wild gup-
py, Poecilia reticulata, populations in Trinidad. Bebavionr, 128,
121-134.

Malausa, T., Guillemaud, T. & Lapchin, L. (2005). Combining
genetic variation and phenotypic plasticity in tradeoff modelling.
Oikos, 110, 330-338.

Newman, R.A. (1994). Genetic-variation for phenotypic plasticity
in the larval life-History of Spadefoot Toads (Scaphiopus couchii).
Evolution, 48, 1773-1785.

Parsons, K.J. & Robinson, B.W. (2006). Replicated evolution of
integrated plastic responses during early adaptive divergence.
Evolution, 60, 801-813.

Plomin, R. (2005). Finding genes in child psychology and psychi-
atry: when ate we going to be thete? /. Child Psychol. Psychiatyy, 40,
1030-1038.

Relyea, R.A. (2002). The many faces of predation: how induction,
selection and thinning combine to alter prey phenotypes. Ecology,
83, 1953-1964.

Riechert, S.E. & Hedrick, A.V. (1990). Levels of predation and
genetically based anti-predator behavior in the spider, Agelengpsis
aperta. Anim. Bebav., 40, 679—687.

Schlichting, C.D. (1989). Phenotypic integration and environmen-
tal-change what are the consequences of differential phenotypic
plasticity — of traits. Broscience, 39, 460—464.

© 2007 Blackwell Publishing Ltd/CNRS

Sih, A. (1992). Prey uncertainty and the balancing of antipredator
and feeding needs. Am. Nat., 139, 1052—1069.

Sih, A., Bell, AM. & Johnson, J.C. (2004a). Behavioral syndromes:
an ecological and evolutionary overview. 7rends Ecol. Evol., 19,
372-378.

Sih, A., Bell, AM,, Johnson, J.C. & Ziemba, R. (2004b). Behavioral
syndromes: an integrative overview. Q. Rev. Biol., 79, 241-277.

Stamps, J.A. (2003). Tinbergen’s fourth question comes of age.
Anim. Bebav., 66, 1-13.

Stamps, J.A. (2007). Growth-mortality tradeoffs and ‘personality
traits’ in animals. Ecol Lett., 10, 355-363.

Stearns, S., Dejong, G. & Newman, B. (1991). The effects of
phenotypic plasticity on genetic correlations. Trends Eeol. Evol., 6,
122-126.

Svensson, E., Sinervo, B. & Comendant, T. (2001). Condition,
genotype-by-environment interaction, and correlational selection
in lizard life-history morphs. Ewvolution, 55, 2053—2069.

Tulley, J.J. & Huntingford, F.A. (1987). Age, experience and the
development of adaptive variation in anti-predator responses in
threespined sticklebacks. Ezbology, 75, 285-290.

Van Noordwijk, A.]. & de Jong, G. (1986). Acquisition and allo-
cation of resources: their influence on variation in life history
tactics. Am. Nat., 128, 137-142.

Waitt, D.E. & Levin, D.A. (1993). Phenotypic integration and
plastic correlations in Phlox drummondii (Polemoniaceae). An. J.
Bot., 80, 1224-1233.

Walling, C.A., Dawnay, N., Kazem, A.].N. & Wright, J. (2004).
Predator inspection behaviour in three-spined sticklebacks
(Gasterostens aculeatus): body size, local predation pressure and
cooperation. Bebav. Ecol. Sociobiol., 56, 164—170.

Ward, A.J.W., Botham, M.S., Hoare, D.J., James, R., Broom, M.,
Godin, J.G.J. e al. (2002). Association patterns and shoal fidelity
in the three-spined stickleback. Proc. R. Soe. Lond., B, 269,
2451-2455.

Wingfield, J.C., Hegner, R.E., Dufty, A.M. & Ball, G.F. (1990). The
challenge hypothesis — theoretical implications for patterns of
testosterone secretion, mating systems, and breeding strategies.
Am. Nat., 136, 829-846.

Wolf, M., van Doorn, G.S., Leimar, O. & Weissing, F.J. (2007).
Life history tradeoffs favour the evolution of petsonality. Nature,
447, 581-585.

Zar, J.H. (1999). Biostatistical Analysis, 4th edn. Prentice-Hall Inc.,,
Upper Saddle River.

Editor, Jean Clobert

Manuscript received 2 April 2007
First decision made 9 May 2007
Manuscript accepted 18 May 2007



