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Introduction

Observers of animal behaviour have long recognized that

individuals often differ in behaviour (Clark & Ehlinger,

1987; Coleman & Wilson, 1998; Wilson, 1998). Upon

detecting a predator, for example, some individuals

might boldly approach the predator, whereas others

might be more shy and immediately seek shelter

(Magurran, 1993; Wilson et al., 1994; Wilson, 1998). A

number of studies have shown that some individual

differences in behaviour extend to different functional

contexts so that the individuals that are, for example,

very bold, might also be relatively voracious (Riechert &

Hedrick, 1993), or less conspicuous in courtship (Hedrick,

2000), or very aggressive (Huntingford, 1976). In other

words, there is accumulating evidence for correlations

between individual behaviours in different functional

contexts, also known as behavioural syndromes (Gosling,

2001; Sih et al., 2004).

Interest in behavioural syndromes is gaining momen-

tum because of their evolutionary significance (Wilson,

1998; Sih et al., 2004). An important evolutionary

consequence of behavioural syndromes is that correlated

behavioural traits might not be free to evolve independ-

ently so that selection favouring one type of behaviour,

e.g. boldness, could lead to changes in a completely

different behaviour, e.g. aggression (Stamps, 1991). This

hypothesis, hereafter referred to as ‘the constraint hypo-

thesis’, assumes that behavioural syndromes stem from a

shared proximal link between behaviours, e.g. a hormone

with effects at more than one target tissue (Ketterson &

Nolan, 1999) or the pleiotropic effects of genes. The

constraint hypothesis assumes that the mechanisms

underlying correlated traits do not evolve easily because

they would require genetic changes or the evolution of

different hormonal machinery, for example. As a result,

the constraint hypothesis predicts that evolutionary

changes in one behaviour result in changes in a correlated

behaviour. In other words, the correlation between
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Abstract

Behavioural syndromes are correlations between behaviours in different

functional contexts. Behavioural syndromes are attracting the attention of

evolutionary biologists because they mean that different behaviours might not

be free to evolve independently of one another. In a landmark study,

Huntingford (1976) showed that individual stickleback which were bold

toward predators were also aggressive toward conspecifics and active in an

unfamiliar environment. Here, I revisited the activity-aggression-boldness

syndrome in stickleback and tested the hypothesis that correlations between

behaviours might act as evolutionary constraints. I measured a suite of

behaviours on wild-caught individuals and their offspring from two different

populations and calculated heritabilities and genetic correlations between the

different behaviours. I found that these behaviours were phenotypically and

genetically correlated in one population but not another. On average, boldness

and aggression were negatively related to each other across the populations.

These results suggest that behavioural syndromes don’t always act as

evolutionary constraints.
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boldness and aggression might act as a constraint on the

evolution of either trait because evolution occurs along

‘the line of least resistance’ (Schluter, 1996).

Another view is that we should expect selection to

favour behaviour that is domain-specific, or appropriate

for a particular context (Wilson, 1998). In some envi-

ronments, for instance, a positive correlation between

aggression and boldness could be deleterious if ecological

conditions favour individuals that behave timidly toward

predators and aggressively toward conspecifics. As a

result, individuals that are timid around predators

and aggressive around conspecifics will outperform indi-

viduals that are generally aggressive in all contexts. In

other words, selection should favour the ability to

adaptively modulate behaviour according to the partic-

ular context, and should break apart maladaptive com-

binations of traits (Wilson, 1998). Following this adaptive

reasoning, some researchers have argued that when

correlations between behaviours exist, they might do so

because a particular combination of traits works well

together. That is, a behavioural syndrome might be an

integrated suite of behaviours that is the result of

selection, not a constraint on it (Cheverud, 1996). For

example, individual male field crickets (Gryllus integer)

which produce long calls, which are attractive to both

females and predators, take more time to emerge from a

safe refuge compared with short-calling males (Hedrick,

2000). The correlation between courtship and antipred-

ator behaviour is adaptive because males with long calls

compensate for this risky behaviour by behaving cau-

tiously. This view, hereafter referred to as the ‘adaptive

hypothesis’ states that a priori, we should not expect

behavioural syndromes to exist unless the correlation,

itself, is adaptive.

Although it is now generally appreciated that there is

often considerable geographic variation in behavioural

traits among populations (Foster & Endler, 1999) and

there is accumulating evidence for correlations between

behaviours (behavioural syndromes) within a population

(Sih et al., 2004), we know little about geographic

variation in correlated behaviours. The ‘constraint’ and

‘adaptive’ hypotheses about the evolution of behavioural

syndromes can help to build a framework for studying

geographic variation in correlated behaviours because

they make different predictions about how correlations

between traits might differ from one environment to

another, or about the evolutionary fate of behavioural

syndromes. If behavioural syndromes are difficult to

break apart because the shared mechanism underlying

the different behaviours is difficult to modify, then a

behavioural syndrome should be a general characteristic

of a species, or ubiquitous across different populations

(the ‘constraint hypothesis’). On the contrary, according

to the ‘adaptive hypothesis’, we should not necessarily

expect to see the same correlations between behaviours

across individuals in a different selective environment

because another combination of traits might be favoured

in that environment or because selection might favour

decoupling between the behaviours. These predictions

have rarely been tested (Tulley & Huntingford, 1988;

Hedrick & Riechert, 1989; Palmer & Dingle, 1989) and

represent two extreme views, but they are central in

assessing the pervasiveness and evolutionary significance

of behavioural syndromes.

Threespined stickleback (Gasterosteus aculeatus) are

suitable candidates for testing whether correlations

between behavioural traits can act as evolutionary

constraints because a behavioural syndrome has already

been identified in a British population of this species.

Relative to others, individual stickleback that actively

explored an unfamiliar environment were also very

aggressive and behaved boldly under predation risk

(Huntingford, 1976). Moreover, stickleback are widely-

distributed in the Northern Hemisphere, inhabit different

selective environments and show tremendous geographic

variation in morphology and behaviour, much of which

has been attributed to differences in predation pressure

(Reimchen, 1994, 2000).

Here, I compare the behaviour of stickleback from two

different freshwater drainages in Northern California

separated by over 240 km: the Navarro River (Mendocino

County) and Putah Creek (Yolo County). Presumably,

stickleback in the Navarro River and Putah Creek are the

descendants of marine ancestors that independently

colonized the streams over 10 000 years ago (Bell &

Foster, 1994), and stickleback from Putah Creek and the

Navarro River inhabit very different selective environ-

ments where different behaviours might be favoured. The

Navarro River is one of the few rivers in California that is

not dammed and is characterized by dramatic seasonal

changes in flow. Stickleback in the Navarro River are

subject to predation by piscivorous birds [e.g. great blue

herons (Ardea herodias), green herons (Butorides virescens),

belted kingfishers (Certyle alcyon) and common mergan-

sers (Mergus merganser)], fish [e.g. coho salmon (Onc-

orhynchus kisutch), steelhead (Oncorhynchus mukiss), coast

range sculpin (Cottus aleuticus) and prickly sculpin (Cottus

asper)] as well as garter snakes (Thamnophis couchii), and

odonate naiad predators.

Putah Creek, on the other hand, is a regulated stream

in the Central Valley of California. It is dammed at two

locations and subject to less extreme fluctuations in flow

and temperature than the Navarro River (Marchetti &

Moyle, 2000, 2001). Because Putah Creek is not subject

to dramatic seasonal flooding, it has abundant vegetation

and habitat structure along its bottom, which provides

refuge for stickleback and suitable habitat for their

invertebrate prey. There are fewer vertebrate predators

native to Putah Creek [chinook salmon (Oncorynchus

tshawytscha), rainbow trout (O. mykiss), prickly sculpin

(Cottus asper) and riffle sculpin (C. gulosus)] than to the

Navarro River, although Putah Creek is currently inhab-

ited by a variety of introduced predators, such as bluegill

(Lepomis macrochirus) and largemouth bass (Micropterus
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salmoides), most of which were introduced in the last

50 years or so (P. Moyle, personal communication).

In this study, I revisited the boldness-aggression-activity

syndrome in threespined stickleback to test whether a

behavioural syndrome can act as an evolutionary con-

straint. For simplicity, just considering the correlation

between boldness and aggression, if we imagine that high

levels of aggression are favoured in one population but not

another population, the constraint hypothesis makes two

predictions about evolutionary fate of the boldness-

aggression behavioural syndrome (Fig. 1b). First, within

the different populations, individual levels of boldness

and aggression should be positively correlated with each

other. That is, regardless of population of origin, fish that

are bolder should also be more aggressive. Secondly,

boldness and aggression should be positively related

between the two populations so that the population

which is, on average, more bold should also be more

aggressive. In contrast, according to the ‘adaptive’ hypo-

thesis, we do not necessarily expect to see the same

relationships between behaviours either within or

between populations. In fact, according to the adaptive

hypothesis, if selection favours different levels of either

boldness or aggression in different populations, a number

of scenarios are conceivable (Fig. 1c). First, perhaps

boldness and aggression are independent of one another

within each population, but the average behaviours are

positively related to each other between populations, i.e.

the population that is more bold is also more aggressive.

Alternatively, perhaps boldness and aggression are

positively correlated within one population and

negatively correlated within the other, and on average

they are negatively related to each other between

populations. Finally, the behaviours might be positively

related to each other within one population, but

independent of each other in another population, and

the means are negatively related to each other between

populations. The point of going through these different

scenarios is to emphasize that comparing the same suite of

behaviours on individuals from different populations can

tell us whether behavioural syndromes might act as

evolutionary constraints. Although two populations are

not sufficient to make claims about why traits might be

correlated in some populations but not others, if just one

population is an exception to the rule that boldness and

aggression always go together, that is sufficient to reject

the constraint hypothesis that the syndrome is a general

characteristic of the species, i.e. one black swan is

sufficient to reject the claim that all swans are white

(Popper, 1968).

Therefore, to distinguish between these two hypothe-

ses, I compared the relationship between boldness, aggres-

sion and activity in an unfamiliar environmentwithin and

between the Putah Creek and Navarro River populations.

Activity in an unfamiliar environment is increasingly

being recognized as an interesting measure of exploratory

behaviour (Verbeek et al., 1994) and an important com-

ponent of ‘personality’ in other species e.g. (Sih et al.,

2003). In order to obtainmore information about selective

conditions in the different populations, I also measured

morphological and life history traits such as the number of

lateral plates and size of the egg mass. Finally, to help

determine how easily the behaviours and correlations

between them might evolve, I obtain estimates of quan-

titative genetic parameters such as heritabilities and

genetic correlations within the two populations.

Boldness

A
gg

re
ss

io
n

Boldness

A
gg

re
ss

io
n

Boldness

A
gg

re
ss

io
n

Population 1
Population 2

Boldness

A
gg

re
ss

io
n

Boldness

A
gg

re
ss

io
n

(b) Constraint

(c) Adaptive

(a)
Fig. 1 Contrasting predictions of the ‘con-

straint’ and ‘adaptive’ hypotheses. Each data

point represents a different individual, coded

by population. Population means are marked

by a star. (a) Huntingford, 1976 showed that

individual stickleback that were more

aggressive were also more bold under pre-

dation risk. (b) The constraint hypothesis

predicts behaviours should be positively

correlated across the populations. Within

each population, the behaviours should be

positively correlated across individuals.

(c) The adaptive hypothesis predicts that we

should not necessarily expect to see the same

correlations between behaviours in different

populations, and no a priori reason to expect

the same relationships between traits within

and between populations. See text for

details.
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Methods

This experiment was designed to measure how individual

fish from the two populations behaved in three different

contexts, and to assess whether there were correlations

between individual behaviours in the different contexts.

Therefore, for each fish, Imeasured three different types of

behaviour (activity in an unfamiliar environment, aggres-

sion and boldness under predation risk). In a separate

experiment, I measured the same behaviours on the lab-

reared offspring of the fish described in this experiment on

three occasions during development (Bell & Stamps, in

press). The same behavioural protocol was followed with

minormodifications (Bell & Stamps, in press). Specifically,

in order to prevent the offspring from habituating to a

particular predator, different predators were used at each

age. Here, I use the data on the lab-reared offspring to

calculate genetic variances and covariances for these

behaviours, but concentrate on the data for wild-caught

adults for phenotypic means and correlations.

I collected adult threespined stickleback from Putah

Creek and the Navarro River between May and June

2000 with seines and minnow traps and brought them to

the Institute of Ecology on the University of California,

Davis campus. Fish were placed in 379-liter flow-through

holding tanks (18 ± 1� Celsius) and exposed to an

ambient (Davis) photoperiod from collection to beha-

vioural observations (2–6 weeks). The fish were fed

frozen brine shrimp, live tubifex worms and trout chow

(Silver Cup, Nelson and Sons, Murray, UT, USA) once a

day. The experiment was conducted between 4 July and

9 August, 2000.

The fish spawned in individual tanks. The day after

spawning, I removed the eggs from the male’s nest and

weighed the egg mass. To control for paternal effects

(Tulley & Huntingford, 1987), I removed the eggs from

the males’ nests and artificially incubated the eggs. I then

transferred the male and female singly to one of six 37.9-

L observation tanks for behavioural observations. Each

observation tank was bisected by a removable green

mesh divider, which prevented the fish from crossing to

the other side, and the tank had exterior markings,

which visually divided the tank into 12 equally sized

areas. One side of the tank was relatively ‘empty’, with

few refuges (one terra cotta pot and a 1-L plastic bottle

filled with water), whereas the other side of the tank was

structurally ‘complex’ with many refuges (three plastic

plants, a sponge filter, another terra cotta pot and a worm

dispenser). At the start of the experiment, the fish were

always placed in the ‘empty’ side of the observation

tanks.

The fish were deprived of food 1 day prior to beha-

vioural observations, while they were in the observation

tanks. Prior to behavioural observations, between

12 and 15 h after the fish were introduced to the

observation tanks, I inserted opaque dividers between

the observation tanks to prevent visual contact between

the fish. I then observed each individual’s (‘focal fish’)

behaviour in three contexts in the following order:

activity in an unfamiliar environment, aggression and

boldness under risk. All behavioural observations took

place between 08.00 and 18.00 hours. I observed the

behaviour of the focal fish continuously and recorded the

observations into a laptop computer using the event

recording program Observer (Noldus Technology, 1991).

Behavioural assays

Activity in an unfamiliar environment
I gently lifted the removable mesh divider half-way out

of the tank and recorded the number of seconds that

elapsed until the fish crossed under the divider to the

‘complex’ side of the tank (‘latency to explore’). I also

recorded the number of times the fish froze, or main-

tained a still position without moving (‘number of

freezes’), and the number of different areas in the tank

used by the fish (‘area used’) for 180 s. After the fish

crossed to the ‘complex’ area, I removed the divider from

the tank to allow the fish to swim freely throughout the

tank. If the focal fish did not cross under the divider

within 15 min after lifting the divider, I terminated the

observation and excluded the focal fish from subsequent

analyses (see below).

Aggression
Between 30 and 60 min after I observed the fish’s activity

in an unfamiliar environment, I placed a fish of the same

sex and from the same population (‘stimulus fish’) into a

1-L transparent bottle located in the observation tank.

The focal and stimulus fish were matched for size within

5 mm. After the focal fish first oriented (body facing

toward the stimulus fish with binocular fixation) to the

stimulus fish, I recorded the number of times the focal

fish bit at the stimulus fish (‘bites at conspecific’) and the

total amount of time (in seconds) it spent within one

body length of the conspecific (‘time with conspecific’)

for 5 min. If the focal fish did not orient to the conspecific

within 10 min after I added the conspecific to the

observation tank, I terminated the observation and

excluded the focal fish from subsequent analyses (see

below). At the end of the aggression observation,

I removed the stimulus fish from the observation tank.

At least five different fish were used as stimulus fish on a

given day, and a particular fish was never used as a

stimulus fish twice in a row.

Boldness under risk
Between 30 and 60 min after the stimulus fish was

removed, I attached a great egret (Casmerodius albus) skull

over the observation tank. Ten minutes later, I added

15–20 live tubifex worms to the worm dispenser. When

the focal fish approached the food within one body

length of the worm dispenser, I released the egret skull

twice in quick succession, simulating a strike. The egret
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skull was situated directly over the worm dispenser so

that when I released the skull via a string and lever, the

egret skull ‘struck’ within 4 cm of the worm dispenser.

Following the simulated strikes, I recorded the focal fish’s

behaviour for 5 min. Specifically, I quantified the total

time (in seconds) the fish spent foraging within one body

length of the worm dispenser (‘time foraging under risk’)

and the latency (in seconds) to the first bite at the food

after the egret strike (‘latency to forage under risk’). If the

focal fish did not approach the food dispenser within

10 min after adding the food, I terminated the observa-

tion and excluded that individual from subsequent

analyses (see below).

Following the observation of boldness under risk, I

removed the focal fish from the observation tank. I then

drained and replaced the water in the observation tank

and added another focal fish. At the end of the experi-

ment, the fish were sacrificed and measured for standard

length, weight and the number of lateral plates on the

left side of the body.

Data analysis
In order to summarize behaviour in each context, I used

principal components analysis (PCA). There are two

advantages to using component scores rather than single

behaviours in analyses below. First, by performing statis-

tical tests on a few component scores rather than many

different variables, problems of multiple comparisons can

be avoided. Secondly, component scores are standardized

(between )3 and 3), regardless of the scale on which the

single behaviours were measured. This facilitated the

comparison of these data with the data on the lab-reared

offspring, which were measured slightly differently (Bell

& Stamps, in press). Separate analyses of the behaviours

used in the PCA yielded the same results, see Supple-

mentary material. I tested for normality of the component

scores with the Kolmogorov–Smirnov test. Because the

data were not normally distributed, I compared average

differences between the populations and sexes with

Mann–Whitney U tests. I examined correlations among

each of the behavioural variables and body size (length

and weight) for the populations separately with Spear-

man rank correlations. I asked whether populations

differed in the relationship between behaviours by

comparing the correlation coefficients of the two popu-

lations (Zar, 1999). All tests were two-tailed and statistical

significance was inferred if P < 0.05 after the sequential

Bonferroni procedure (Rice, 1989).

To estimate genetic variances and covariances based on

eleven full-sib families per population, three individuals

per family, I used a mixed model Bayesian strategy. The

software used to implement this strategy is the commonly

available MTGSAM [Multiple Trait Gibbs Sampling in an

Animal Model (Van Tassell, 1995)] and the analysis was

based on the resemblance between the wild-caught

adults described here and their lab-reared offspring as

well as full-sib resemblance, as described in (Bell &

Stamps, in press). An advantage of this approach is that

all known relationships, e.g. parent-offspring and full-sib,

can be incorporated into the analysis. The offspring of the

fish described here were measured in each context on

three occasions during development. Therefore, I esti-

mated genetic variances and covariances in the three

contexts by treating the offspring’s repeated measure in

the same context at different ages as an uncorrelated

random effect (‘permanent environment’). In order to

allow for differences in the same context but at different

ages, I included ‘age’ as a fixed effect in the model.

The advantage of using a Bayesian method is that

I could obtain point estimates of heritabilities and genetic

correlations as well as estimates of their distributions,

including standard deviations. The distribution of vari-

ance and covariance components was estimated by

numeric integration via Gibbs sampling (Geman &

Geman, 1984). To choose starting values, I used the

known estimates of phenotypic variance from the data,

estimated additive and environmental variance assuming

different heritabilities, and selected starting values for the

final analysis based on their likelihood ratio. This strategy

eventually produced solutions that were relatively

insensitive to changes in starting values. The algorithm

was based on the iterative generation of a sequence of

random variables from the known conditional distribu-

tions of the parameters, given the likelihood function of

the data. The parameter estimates were obtained by

analysing this Gibbs sample. In this analysis, for each

parameter to be estimated, I generated 20 000 samples of

possible parameters. Parameter estimates were calculated

as the mean of every 25th iterate, after discarding the

first 10 000 samples, for a total of 7600 sample observa-

tions, i.e. (200 000–10 000)/25. The Gibbs sampling

process and the theoretic basis for this analysis have

been described elsewhere (Searle et al., 1992). I obtained

empirically based confidence intervals by dropping the

lowest and highest 190 samples from the Gibbs sample

(0.025 · 7600 ¼ 190) and noted the remaining highest

and lowest values.

Overall, I observed the behaviour of 83 fish. Of these

individuals, seven did not cross to explore the structur-

ally complex side of the tank within 15 min, three did

not orient to the conspecific within 10 min, and four did

not approach the food within 10 min of adding the food

and hence did not experience the simulated egret attack.

I excluded these individuals from subsequent analyses.

Complete datasets containing observations of individual

behaviour in all three contexts were obtained for 71

animals (n ¼ 29 Navarro fish, n ¼ 42 Putah fish).

Results

Separate PCAs on behaviour in the three contexts

compressed the data into a single component for each

context (Table 1). For ‘activity in an unfamiliar environ-

ment’, the latency to explore the unfamiliar area loaded
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positively on the component, although the amount of

area used loaded negatively (Table 1a). To help make this

axis more intuitive, I inverted the scale in statistical

analyses, so that high values indicate an active fish,

whereas low scores on this component indicate a fish,

which took a long time to explore the unfamiliar area.

For ‘aggression’, both the number of bites and the time

spent with the conspecific loaded positively on the

component; therefore high values on this component

are indicative of a very aggressive fish (Table 1b). For the

‘boldness under risk’ context, the amount of time spent

with the food loaded positively on the component,

although the latency to forage loaded negatively

(Table 1c). Therefore, high values of this factor indicate

a bold fish which rapidly began foraging following the

egret strike, and which spent a lot of time with the food.

Morphological and life history differences between
the populations

There are some striking differences between the two

populations in morphological and life history traits.

Stickleback from Putah Creek were larger in standard

length (Navarro: 4.50cm ± 0.06 SE, Putah: 4.72cm ±

0.05 SE, F1,82 ¼ 7.54, P < 0.01) and had larger eggmasses

(Navarro: 64.65 ± 6.70 SE, Putah: 99.00 ± 6.73 SE,

F1,82 ¼ 11.20, P < 0.01) than stickleback from the

Navarro River. Stickleback from the Navarro River had

extensive armouring (lateral plates) along the sides of

their bodies whereas Putah fish had fewer lateral plates

(Navarro: 25.92 ± 1.27 SE, Putah: 7.10 ± 0.20 SE,

F1,45 ¼ 172.75, P < 0.0001). Within each of the popula-

tions, an individual’s standard length or weight was not

statistically related to its behaviour (Table 2).

Average behavioural differences between the
populations

There was variation among individuals in their activity in

an unfamiliar environment. Some individuals immedi-

ately crossed to the other side of the tank, whereas others

waited over 5 min to explore the unfamiliar area. There

was not a statistically significant difference in activity in

an unfamiliar environment between stickleback from the

Navarro River and Putah Creek (Fig. 2a, Mann–Whitney

U ¼ 587, n.s., n ¼ 71). Females tended to be more active

than males, but this was not a statistically significant

difference (Fig. 2a, Mann–Whitney U ¼ 473, P ¼ 0.07,

n ¼ 71).

Individuals varied greatly in aggression. Some individ-

uals bit at the conspecific over 640 times in 5 min,whereas

others bit fewer than ten times. On average, fish from the

Navarro River were much more aggressive toward the

intruding conspecific than fish from Putah Creek (Fig. 2b,

Mann–Whitney U ¼ 345, P ¼ <0.01, n ¼ 71). There was

not a statistically detectable difference in aggression

between males and females in either population (Fig. 2b,

Mann–Whitney U ¼ 622, n.s., n ¼ 71).

After the simulated attack by the egret, some

individuals quickly resumed foraging on the worms,

and continued to forage during the rest of the

behavioural observation, whereas others scarcely for-

aged at all. Following the simulated egret strike, Putah

fish were much more active and willing to incur

predation risk in order to gain food than Navarro fish

(Fig. 2c, Mann–Whitney U ¼ 286, P < 0.0001, n ¼ 71).

For both populations, females tended to be more

willing to risk exposure to a predator in order to gain

food than males (Fig. 2c, Mann–Whitney U ¼ 443,

P < 0.05, n ¼ 71).

Behavioural syndromes

Across individuals from the Navarro River, individual

behaviour in a given context was frequently related to

individual behaviour in a different context (Table 2).

Boldness under predation risk was positively correlated

with aggression toward a conspecific: individuals which

spent a lot of time foraging following the egret strikes also

vigorously bit at the conspecific (see Fig. 3). In addition,

Table 1 Results of principal component analyses on (a) activity in

an unfamiliar environment; (b) aggression; (c) boldness under risk

Behaviour Loading

(a) Activity in an unfamiliar environment

Number of freezes 0.347

Latency to explore (s) 0.882

Area used )0.877

Cumulative variance explained 55.6%

(b) Aggression

Bites at the conspecific 0.910

Time spent with conspecific (s) 0.910

Cumulative variance explained 82.8%

(c) Boldness

Time foraging under risk (s) 0.894

Latency to forage under risk (s) )0.894

Cumulative variance explained 79.9%

Table 2 Spearman correlations between body size and behaviours

Length (cm) Weight (g) Activity Aggression Boldness

Length (cm) – 0.838** 0.080 )0.053 0.027

Weight (g) 0.837** – 0.007 )0.179 )0.097

Activity 0.016 0.085 – 0.167 0.434*

Aggression )0.176 )0.169 0.094 – 0.520**

Boldness 0.079 0.094 0.149 )0.132 –

Values for Navarro correlations are above the diagonal, values

for Putah correlations are below the diagonal. n ¼ 29 Navarro fish,

n ¼ 42 Putah fish.

*Indicates a statistically significant correlation between traits after

the sequential Bonferroni procedure.
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boldness under predation risk was positively associated

with active exploration of the unfamiliar environment.

Individuals that spent a lot of time foraging under

predation risk had a short latency to explore the

unfamiliar environment. In other words, active explorers

were also bold under predation risk.

In sharp contrast, across individuals from Putah Creek,

there were no statistically significant correlations

between behaviours in each of the different contexts

(Table 2). Compared with Navarro fish there were more

combinations of behaviours in the Putah population, or

the Putah population inhabited more ‘phenotypic space’.

For example, although Navarro fish that were bold were

also aggressive, some Putah fish were bold and aggres-

sive, whereas others were bold and not aggressive and

some were timid and aggressive, etc.

I asked whether the two populations differed in the

relationship between behaviours by comparing correla-

tion coefficients for the Putah and Navarro populations

(Zar, 1999). The relationship between behaviour under

predation risk and aggression was significantly different

between the two populations (Z ¼ 2.79, P < 0.01). There

was not a statistically detectable difference between the

two populations in the relationship between activity in

an unfamiliar environment and behaviour under preda-

tion risk (Z ¼ 1.24, P ¼ 0.107).

Heritabilities and genetic correlations

Comparison of the relative estimates of genetic variances

and covariances between the two populations reveals

some intriguing differences (Table 3). First, in general,

there is suggestive evidence for greater genetic variation
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Fig. 2 Mean ± SE differences in behaviour between the sexes and

two populations. (a) Component scores on the ‘activity in an

unfamiliar environment’ component by sex and population. There

was no difference between the populations with respect to this

behaviour. (b) Component scores on the ‘aggression’ component by

sex and population. Fish from the Navarro River were significantly

more aggressive than fish from Putah Creek. (c) Component scores

on the ‘boldness under risk’ component by sex and population. Fish

from Putah Creek were more willing to forage under predation risk

than fish from the Navarro River.
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Fig. 3 The relationship between aggression and boldness. Each data

point represents a single individual, coded by population. Population

mean values are marked by a star. Aggression and boldness are

significantly positively correlated among fish from the Navarro

River, but not among fish from Putah Creek. The relationship

between boldness and aggression is significantly different between

the two populations (see text for details). See Table 2 for statistics.
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for these traits in the Putah population. For example, in

the Navarro population, heritability estimates were 0.048

and 0.011 for activity in an unfamiliar environment and

aggression, respectively. In contrast, in the Putah popu-

lation, the estimates were 0.156 and 0.140, respectively.

Secondly, there were significantly tighter positive genetic

correlations in the Navarro population compared with

the Putah population. For example, the genetic correla-

tion between boldness and aggression in the Navarro

population is 0.837, whereas the correlation in the Putah

population is only 0.260.

Discussion

The hypothesis that behavioural syndromes can act as

an evolutionary constraint predicts that boldness,

aggression and activity in an unfamiliar environment

should be positively related to each other both within

and between different populations of stickleback. The

results presented here do not support either of these

predictions. Although bold Navarro individuals were

also aggressive, there was no correlation between these

behaviours within the Putah population. Moreover, the

population that was, on average, more aggressive

(Navarro) was actually less bold (Fig. 3). Although the

means of the populations reported here represent just

two independent data points, the results are not

consistent with the proposition that boldness, aggression

and activity in an unfamiliar environment are positively

related to each other across stickleback populations

generally.

It is worth noting that there was sufficient statistical

power to detect a behavioural syndrome in the Putah

population. Although Huntingford (Huntingford, 1976)

detected strong correlations (r ¼ 0.48) between boldness

and aggression with only 25 animals, the sample size of

fish from Putah Creek was almost twice that (n ¼ 42),

and my power to detect a similar correlation was >0.9.

Nor was the failure to detect correlations in the Putah

population because of low variance in that population. In

fact, Putah fish were more variable than Navarro fish

with respect to each of the traits measured, but the

variation was not aligned with another trait.

These results suggest that ‘personality’ traits can be

readily uncoupled and that correlations between behav-

iours do not necessarily impose evolutionary con-

straints, but they beg the question as to why boldness

and aggression might be associated in some populations

but not others. Unfortunately, comparing the selective

environment of just two populations is not sufficient to

definitively infer which selective factors might be

important. However, this study suggests that predation

regime might be a key selective factor. For example, one

of the most striking differences between stickleback

from Putah Creek and the Navarro River concerns their

morphological and behavioural antipredator defences.

Navarro fish have extensive armouring in the form of

lateral plates along the sides of their bodies, an effective

morphological defence against toothed predators

(Reimchen, 1994, 2000), whereas Putah fish have few

lateral plates. Moreover, Navarro stickleback are much

more timid, and show more pronounced antipredator

behaviours than Putah stickleback. Therefore, the mor-

phological and behavioural differences between the

populations suggest that predation risk may have been

higher in the Navarro River than in Putah Creek.

Whether differences in predation pressure influences

why behaviours are correlated in some populations but

not others is a promising area for further investigation.

In further support of the argument that behavioural

syndromes can be uncoupled evolutionarily, despite a

genetic correlation between boldness and aggression in

the Navarro population, boldness and aggression were

independent of one another in the Putah population. This

result, along with other studies (Weber, 1992), urge us to

question the idea that genetic correlations impose con-

straints on the effectiveness of selection, and suggest that

proximal mechanisms underlying correlated traits are not

necessarily difficult to uncouple. The failure to detect the

same genetic correlations within different populations, or

intraspecific variation in syndromes of co-functioning

traits, has also been found in other species, such as a

migratory syndrome reported for some, but not all,

populations of milkweed bugs (Palmer & Dingle, 1989).

A few other results from the heritability analyses

are worth noting here. First, for all three behaviours,

Table 3 Heritabilities and genetic correla-

tions for (a) Navarro and (b) Putah Activity Aggression Boldness

(a) Navarro

Activity 0.048 (0.008–0.160) 0.699 ()0.134–0.946) 0.753 (0.010–0.980)

Aggression 0.011 (0.001–0.048) 0.837 (0.278–0.990)

Boldness 0.036 (0.006–0.135)

(b) Putah

Activity 0.156 (0.028–0.442) 0.849 (0.221–0.989) 0.650 ()0.258–0.982)

Aggression 0.140 (0.024–0.358) 0.260 ()0.772–0.926)

Boldness 0.002 (0.002–0.073)

Heritabilities are on the diagonal, genetic correlations are on the off-diagonal. 95% confidence

intervals are in parentheses.
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heritability estimates were quite low. Low heritabilities

are consistent with two hypotheses: they suggest that

either strong selection has depleted genetic variation (low

VA) or they suggest that the traits are very sensitive to

environmental influences (high VE). Unfortunately, these

two possibilities cannot be distinguished at present.

Secondly, although the estimates of heritabilities were

quite low, estimates of genetic correlations between traits

were quite high. These results should be treated with

caution because they were based on estimates from only

eleven full sib families per population, have large

confidence intervals, and estimates of genetic correlations

are notoriously unstable (Falconer & Mackay, 1996).

However, they do suggest that although there might be

little genetic variation for these behaviours (low herit-

abilities), the few genes for these traits that are present in

the populations affect more than one behaviour (large

genetic correlations). Thirdly, estimates of genetic corre-

lations were generally greater than estimates of pheno-

typic correlations. This trend (rG > rP) has also been noted

for other species and for other traits (Roff, 1996).

It is worth noting that although these observations

were conducted during the breeding season, for both

populations, there was no difference in levels of aggres-

sion between males and females. At first glance, this may

be surprising because male stickleback, which defend

territories during the breeding season, are typically more

aggressive than females during that time (Bakker, 1994).

However, although reproductive, the fish had spent just

1 day in the observation tanks prior to behavioural

observations, perhaps not long enough for males to

become territorial. Perhaps, then, the aggression

observed in this experiment was not territorial aggres-

sion, but a different form of aggression, such as from

competition for limited food or refuges for hiding.

Altogether, these results suggest that behavioural

syndromes do not necessarily act as an evolutionary

constraint on optimal behaviour. However, the presence

of syndromes in some circumstances but not others urges

us to ask whether there are selective factors which favour

the assembly of a suite of traits in some ecological

conditions but not others, and to investigate the genetic

and proximal mechanisms that allow such evolutionary

flexibility.
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