
Here we show that if an adult demon-
strates a new way to execute a task to a
group of infants aged 14 months, the

children will use this action to achieve the
same goal only if they consider it to be 
the most rational alternative. Our results
indicate that imitation of goal-directed
action by preverbal infants is a selective,
interpretative process, rather than a simple
re-enactment of the means used by a
demonstrator, as was previously thought1–3.

In Meltzoff ’s seminal study1, a group of
14-month-old subjects watched a demon-
strator illuminate a light-box by leaning 
forwards and touching its top with her fore-
head1,2. One week later, two-thirds of them
re-enacted this head action to achieve the
same outcome, although none of the control
group used it spontaneously. This was taken
as evidence that infants separate the goal
from the means, automatically imitating the
means as demonstrated2. Such imitative
learning is thought to be specific to humans,
as primates do not imitate new strategies to
achieve goals, relying instead on motor
actions already in their repertoire (emula-
tion)3. If this were also the case in infants,
they would be expected to touch the box
with their hands, rather than imitating the
unfamiliar head action. (Meltzoff, however,
did not report such hand actions1,2.)

The readiness of infants to re-enact the
head action is surprising, given that 1-year-
old babies can evaluate the rationality of the
means in relation to the goal and the con-
straints of the situation4,5. When constraints
change, these infants are able to work out the
most effective action that the demonstrator
should use to achieve the goal (the principle
of rational action6,7). Infants would therefore
be expected to re-enact an action only if it
seemed to them to be the most effective
means to achieve the goal (see also ref. 8). 

So why did Meltzoff ’s subjects re-enact
the head action, when they could just have
touched the box with their hands? If infants
noticed that the demonstrator declined to
use her hands despite the fact that they were
free, they may have inferred that the head
action must offer some advantage in turning
on the light. They therefore used the same
action themselves in the same situation.

To test this idea, we replicated Meltzoff ’s
study1 with one modification: in one condi-
tion, the subjects could see that the demon-
strator’s hands were occupied while she
executed the head action (pretending to be
cold, she had wrapped a blanket around 
herself which she held onto with both hands;
‘hands occupied’, Fig. 1a). After witnessing
the same head action when the adult’s hands

were free (Fig. 1b), 69% of infants re-enacted
the head action, replicating Meltzoff ’s
results1. However, after watching the adult
turn on the light with her head when her
hands were occupied, the number of chil-
dren who imitated the head action dropped
significantly to only 21% (P*0.02; Fig. 1c).
It must therefore have seemed sensible to the
infants that the demonstrator should use the
head action when her hands were occupied
— nevertheless, 79% of them chose not to
imitate her because their own hands were
free, presumably concluding that the head
action was not the most rational.

Whether they re-enacted the head action
or not, all infants who watched the adult
perform under both conditions still used the
hand action. This suggests that 14-month-
old infants are still subject to an automatic,
emulation-like process whereby the memory
of the effect (illumination by touch) acti-
vates the response that is most strongly 
associated with establishing contact (hand
action). But the re-enactment of the head
action, when inferred to be rational by the

infant, indicates that imitation by 14-
month-olds goes beyond emulation. We
conclude that the early imitation of goal-
directed actions is a selective, inferential
process that involves evaluation of the 
rationality of the means in relation to the
constraints of the situation. 
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Rational imitation in preverbal infants
Babies may opt for a simpler way to turn on a light after watching an adult do it.

Figure 1 Comparison of the methods used by 14-month-old infants to switch on a light-box 1 week after watching how an adult executed

the same task under two different conditions. a, b, Adult switching on the light by touching the lamp with her forehead in the hands-occupied

condition (a, n414) or the hands-free condition (b, n413). c, Methods used by infants to switch on the light-box after watching the head

action used by the demonstrator under these two conditions (left bar, adult had hands occupied; right bar, adult had hands free), recorded

over a 20-s period. Blue, head action was re-enacted; green, only manual touch was used. Further details are available from the authors.
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Evolutionary biology

Performance constraints
in decathletes

Physical performance by vertebrates is
thought to be constrained by trade-
offs between antagonistic pairs of 

ecologically relevant traits and between
conflicting specialist and generalist pheno-
types1,2, but there is surprisingly little 
evidence to support this reasoning3–5. Here
we analyse the performance of world-class
athletes in standardized decathlon events
and find that it is subject to both types of
trade-off, after correction has been made

for differences between athletes in general
ability across all 10 events. These trade-offs
may have imposed important constraints
on the evolution of physical performance in
humans and other vertebrates.

Decathletes compete in 10 different
track and field events over two consecutive
days. We constructed a data set of the 
performance of 600 world-class decathletes
across all events from sources available on
the Internet (see Fig. 1 legend). Individual
performance for any pair of disciplines was
positively correlated for the entire data set.
This was unexpected, as physiological and
biomechanical theory predicts that there
should be trade-offs between certain pairs
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tion coefficients for each pair of perfor-
mance traits and found evidence of some
performance trade-offs (Table 1). For
example, good sprinters performed relative-
ly poorly over 1,500 metres, but did well in
the long jump, the 400 metres and the 
110-metre hurdles. Likewise, there was a
negative correlation between performance
in shot-putting (which calls for explosive
power in the upper limbs) and in the 
1,500 metres (which depends on endurance
in the lower limbs). 

These results seem to support the idea of
trade-offs generated by conflicting anat-
omical (such as relative body weight and
limb proportions) and muscle-fibre-type
requirements. Negative correlations may
also reflect differences in training, for
example if athletes focus on certain disci-
plines to the detriment of others. However,
the consistency with which particular 
performance traits co-vary suggests that it 

is more difficult to combine excellence in
some pairs of events than in others.

We calculated measures of excellence
and average performance for each decath-
lete across all disciplines to test the assump-
tion that there must be a performance
trade-off between specialist and generalist
phenotypes. The principle of allocation, a
hypothesis that underlies much of ecologi-
cal and evolutionary theory, predicts that
excellence in one task can only be attained
at the expense of average performance in all
other tasks, and vice versa1. 

For each athlete, we selected the highest
standardized score from his set of 10 events
and defined this as that athlete’s ‘degree of
excellence’. We also calculated the average
of the 10 scores for each athlete to estimate
their overall average performance. The
degree of excellence was negatively correlat-
ed with average performance across all 
disciplines (r410.37, P*0.00001; Fig. 1),
which is consistent with the principle of
allocation. 

We conclude that in an environment in
which the selection criterion is combined
high performance across multiple tasks,
increased performance in one function may
impede performance in others. The rel-
evance of our findings for the evolution of
performance traits will depend on whether
these correlations have a genetic basis —
studies of mice9 and insects10 indicate that
this may be the case. The influence of an
individual athlete’s training schedule or
career development on these apparent
trade-offs also needs to be determined. 
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of performance traits — for example, speed
depends on the athlete having a high 
proportion of fast, fatigue-sensitive muscle
fibres, whereas endurance relies on a higher
proportion of slower fibres that are more
resistant to fatigue3,6–8. 

However, when the analysis was restrict-
ed to athletes of comparable ranking (on
the basis of International Amateur Athletic
Federation scores), trade-offs became evi-
dent between certain traits. For example,
performance in the 100 metres is negatively
correlated with speed over 1,500 metres for
athletes who score above 8,000 points
(n4133; r410.21, P40.016). We suspect
that the apparent contradiction in our
results is caused by differences in ‘general
quality’ between athletes, which effectively
mask any trade-off effects when the entire
population is examined.

To account for these differences in gen-
eral quality, we calculated partial correla-
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Figure 1 Trade-off between excellence in a single discipline (specialist) and average performance across all 10 events (generalist) for

600 world-class decathletes. Excellence in a particular discipline (represented by the highest residual score for a particular athlete) is

negatively correlated with average performance (expressed as the average of all 10 residual scores for that athlete). To ensure that scores

in different events received equal weighting, an athlete’s score was standardized for each event by subtracting it from the population

mean and dividing it by the population standard deviation. The decathlete data set was constructed from the following websites:

www.iaaf.org; www.gbrathletics.com; www.athletics.org.au; www.dlv-sport.de; www.athle.org.
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Table 1 Correlation between 10 performance measures for 600 world-class decathletes

Shot putt Javelin Pole vault High jump Long jump 100 m 110-m hurdles 400 m 1,500 m

Discus & & NS NS NS NS NS NS NS

Shot putt & NS NS NS NS NS NS 1

Javelin NS NS NS NS NS NS NS

Pole vault & NS NS & NS NS

High jump & NS & NS NS

Long jump & & NS NS

100 m & & 1

110-m hurdles & NS

400 m &

Decathlon competitions consist of: first day, 100 metres, long jump, shot putt, high jump and 400 metres; second day, 110-metre hurdles, discus, pole vault,
javelin and 1,500 metres. Partial correlation coefficients were used to adjust correlations between performance pairs for an athlete’s overall ability on the
basis of the other events (regardless of physiological similarity between traits). For each decathlete, all performance results are taken from their best
decathlon score. All data (units in m or in m s11) were log-transformed. Significant positive (&) and negative (1) correlations (P*0.0001) were intact 
after Bonferroni correction (d.f., 590); NS, not significant.
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