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Abstract The historical debate on the relative influences of genes (i.e. nature) and

environment (i.e. nurture) on human behaviour has been characterised by extreme
positions leading to reductionist and polemic conclusions. Our analysis of
research on sport and exercise behaviours shows that currently there is little
support for either biologically or environmentally deterministic perspectives on
elite athletic performance. In sports medicine, recent molecular biological
advances in genomic studies have been over-interpreted, leading to a questionable
‘single-gene-as-magic-bullet’ philosophy adopted by some practitioners. Similar-
ly, although extensive involvement in training and practice is needed at elite
levels, it has become apparent that the acquisition of expertise is not merely about
amassing a requisite number of practice hours. Although an interactionist perspec-
tive has been mooted over the years, a powerful explanatory framework has been
lacking. In this article, we propose how the complementary nature of degenerate
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neurobiological systems might provide the theoretical basis for explaining the
interactive influence of genetic and environmental constraints on elite athletic
performance. We argue that, due to inherent human degeneracy, there are many
different trajectories to achieving elite athletic performance. While the greatest
training responses may be theoretically associated with the most favourable
genotypes being exposed to highly specialised training environments, this is a rare
and complex outcome. The concept of degeneracy provides us with a basis for
understanding why each of the major interacting constraints might act in a
compensatory manner on the acquisition of elite athletic performance.

We used to think our fate was in our stars. Now
we know, in large measure, our fate is in our genes
(James Watson, 1989 cited in Vitzthum!!l) ((Au-
thor: please provide full publication details for
the references you have listed in the footnote so
that they can be added to the reference list as per
our housestyle)).!

What are sports scientists to make of this ge-
nocentric view of human behaviour? This article
considers one of the most complex and enduring
controversies in science and medicine: the ‘nature-
nurture debate’.l'31 Science has a number of such
dualisms where strong theoretical arguments are
presented for two opposing viewpoints and the na-
ture-nurture issue is, arguably, the most pervasive in
its history. For example, in psychology it is known
as the ‘nativism-empiricism issue’, developmental
science terms it the ‘maturation versus learning de-
bate’ and physiology and medicine considers how
heredity and environment account for variations in
health and human performance.

Put simply, the nature-nurture debate concerns
the extent to which an individual is a product of her/
his genes or environment, generating questions over
the role of genes and environmental influences and
experience in a range of human behavioural con-
texts, including athletic, educational and musical
performance and achievement. For this reason, in
psychological medicine, behavioural geneticists are
interested in human variations in key factors, includ-
ing health, development, cognitive and movement
abilities, perceptual skills, social attitudes, psycho-
pathology and personality, related to functioning in
a range of domains.[*!

How environmental and genetic constraints cor-
relate or interact to shape performance variations in
sport and exercise is a question of increasing interest
in sports medicine, sports pedagogy and sports psy-
chology.!'%!2I February 2001 marked the publication
of the draft human genome, signalling the arrival of
biology in the genomic era. Whilst questions of the
relative roles of nature and nurture in the past may
have been addressed from the standpoint of academ-
ic interest, in recent times there have been increasing
reports of medical interventions and attempts to use
genetic knowledge for performance enhancement in
sport.l3:14]

In particular, there have been some efforts in
molecular biology to identify single gene variants
with the potential to profoundly impact on individu-
al performance or the propensity to lead to a specific
disease (e.g. a gene responsible for physical power,
the propensity to exercise, or for breast cancer).

In sport, this ‘single gene as magic bullet’ philos-
ophy, favoured by some molecular geneticists, has
led to claims that elite performers are born to suc-
ceed. This approach is exemplified by attempts to
identify sprinters and endurance runners on the basis
of differing alleles (i.e. forms) of a single gene
known as o-actinin-3.!'>1%1 There have been similar
claims on the roles of different variants of the ACE
gene in endurance and power events such as
mountaineering and running.!'”! In those responsible
for managing elite sports performance, the belief in
the potential impact of single genes is perhaps more
prevalent. For example, in September 2000, Scien-
tific American published a vision of the Olympic
Games in the year 2012, predicting the widespread

1 Although research reviewed in this section is restricted to sport performance, similar noteworthy developments have
also been made in exercise psychology (e.g. Podewils et al., 2005; Schuit, Feskens, Launer, & Kromhout, 2001).
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existence of gene-transfer technology (popularly
known as gene or cell doping) whereby specified
artificial DNA material is coupled to well under-
stood viral delivery mechanisms and inserted direct-
ly into the nuclei of muscle cells!'®!) (also see
Miah!"3! and McCrory!?®). More recently, it was
widely reported that the Sea Eagles, a rugby football
league team from Manly, Australia, tested 18 play-
ers for variations in 11 different exercise-related
genes in order to enhance the specificity of training
programme design.”!! The same article highlighted
the possibility of sports clubs genetically profiling
athletes to understand susceptibility for certain inju-
ries, map genetic suitability for specific team posi-
tions and roles, and to gain insights into player
development into various sports or physical activi-
ties.

These alarming trends by some elite sport scien-
tists to use the ‘single-gene as magic bullet’ philoso-
phy as a platform for optimising performance places
the spotlight again on the nature-nurture debate.
Besides obvious ethical issues, reports of gene-pro-
filing and gene-transfer technology raise more gen-
eral theoretical and practical questions about the
nature of genetic and environmental constraints on
skill acquisition and performance, and propensity to
participate in physical activities.[?”) Although most
knowledge on the effects of genes on athletic per-
formance has been gained from research in molecu-
lar biology, genetics, genomics and medicine, this
research also has relevance for many areas of sports
science and medicine, such as sport and exercise
psychology.?3

Clearly, sports scientists need to understand the
current state of the nature-nurture debate in science
in order to make sense of the pending practical
applications of gene-transfer technology. In this arti-
cle, we begin by historically reviewing the nature-
nurture debate in science, focusing specifically on
psychological medicine in which it has flourished.
Secondly, we evaluate evidence for both nurture and
nature constraints on sport performance and
achievement. There is growing awareness in science
of ‘the complementary nature’, as Kelso and Eng-
strom®* so aptly entitled their critique of the histori-
cal tendency to attempt to explain phenomena on the
basis of dualist positions and theoretical stances.
Their thesis is that a systems biological approach
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can help categorise natural phenomena as exhibiting
strong cooperative tendencies to interact as well as
tendencies to function separately, the emergence of
which can characterise the relationship of genes and
environments. Here we note how this is an apt
description for sports medicine and sport science to
understand the relationship between genes and envi-
ronment. The ‘complementary nature’ of phenome-
na in the natural world suggests that it is highly
important for geneticists to identify many single
gene variants, although the role of these genes in
regulating behaviour needs to be framed by their
overarching tendencies to network and to cooperate
or compete with environmental constraints. In this
respect, our article highlights the need for sports
scientists to adopt a multidisciplinary perspective in
order to gain a detailed understanding of the molec-
ular biological mechanisms of DNA transmission
and gene expression, and we discuss how some
molecular biological advances may have been
‘over-interpreted’ by scientists using the ACE gene
research literature as an example. Finally, we evalu-
ate the limitations of current understanding raising
questions over the current relevance of the debate.

1. The Nature-Nurture Debate in
Psychological Science

There is no escape from the conclusion that na-
ture prevails enormously over nurture when the dif-
ferences of nurture do not exceed what is commonly
found among persons of the same rank of society
and in the same country.>!

Although it was Francis Galton!>! who first used
the phrase ‘nature and nurture’ to describe the
sources of individual differences in 1874 (and made
the subsequent ‘conclusion’ outlined above in
1883),1%) arguments over the role of environmental
influences versus innate characteristics can be
traced back to the Platonic dialogues and Aristoteli-
an philosophy of ancient Greece. It is only in the
past 130 years, however, that these issues have come
to dominate scientific (as well as non-scientific)
discussions.

Increased interest in this area was undoubtedly
driven to a large extent by the publication of
Darwin’s Origin of Species in 1859, which informed
Galton’s?>?! contributions most notably, but also
those of William James””! and Lewis Terman.!?8!
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Much of this work was based on the conclusion that
biology was the chief constraint to expertise and
achievement, known as biological determinism. In-
deed, Terman’s appropriately titled Genetic Studies
of Genius,””3% one of the longest and most ambi-
tious longitudinal studies in history, was based pri-
marily around this notion. In 1918, Fisher intro-
duced the statistic of ‘heritability’, which can be
defined as “the proportion of the total phenotypic
variance that is associated with genetic variance in a
specific sample with a specific genetic composition
and environmental context.”!"! The heritability sta-
tistic to describe individual variation is captured in a
biometric model, which includes the influence of
individual alleles, dominant alleles and environmen-
tal variance in a studied sample.

Conversely, work from the environmentalist
camp during the same period also reinforced this
dualist ‘all or nothing’ approach — the idea that
individuals start as a ‘tabula rasa’ (blank slate) with
no innate traits or characteristics, and that all forms
of learning and behaviour result from interactions
with our environment. This social deterministic
viewpoint is succinctly demonstrated by Wat-
son’sP! famous boast:

“Give me a dozen healthy infants and my own
specified world to bring them up in, and I'll guaran-
tee to take anyone at random and train him to
become any kind of specialist I might select — doc-
tor, lawyer, artist... regardless of his talents,
penchants, tendencies, abilities, vocations and race
of his ancestors.”

The history of this debate in psychological
medicine is marked by radical shifts in opinion,
usually driven by social/cultural factors.*? For ex-
ample, the Nazi atrocities of the Second World War
were strongly rooted in biological determinism and
after 1945, political and intellectual thought
changed to endorse positions based on the concept
that differences between individuals were the result
of opportunities and experience, coinciding with the
dominance of the Marxist ideology of Dialectical
Materialism in the Eastern European block, while
opposing ideology that sought to separate individu-
als on the basis of biology were met with derision
and scorn. A similar social upheaval occurred with
the publication of Herrnstein and Murray’s®3! The
Bell Curve in 1994.
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Despite the prominence of these extreme views
in the history of psychological medicine, it has
become clear that many researchers misunderstand
the statistic of heritability and confuse it with the
concept of heritability defined as the transmission of
a trait from parent to progeny.!'! Regardless, few
researchers today would argue that neither environ-
mental nor biological factors are important and there
is very little to suggest the nature-nurture debate
could be resolved in favour of one constraint to the
complete exclusion of the other. More recent nature-
nurture studies seem focused on questions like:

e What factor is most important?

e How much of the variability in condition ‘X’ can
be accounted for by genetic (or environmental)
variables?

o When, during the lifespan, is a genetic or envi-
ronmental constraint more influential in shaping
behaviour?

Despite continued attention to these issues and
considerable advancement in the methods of exami-
nation, it is unlikely they will be resolved soon. This
is not to say that understanding of genetic and envi-
ronmental influence has not advanced. It certainly
has; moreover, these advances have obvious impor-
tance for understanding the development of exper-
tise and talent identification in sports and physical
activities. Individual differences between perform-
ers remains a central issue in many areas of sports
medicine and science, leading to crucial questions
such as: why do some athletes benefit more from
training and practice than others? How can specific
athletic potential be identified and developed? To
what extent can genetic testing provide information
for specifically designing training and practice
programmes to suit individual athletes? Is there an
innate drive to exercise? Our aim in this article is to
overview current understanding of the role of the
environment and genes in constraining physical per-
formance and the acquisition of expertise. Next, we
review the current level of knowledge regarding
these issues.

2. Environmental Constraints
on Performance

While ‘nature’ refers to the innate characteristics
an individual contributes to their performance, ‘nur-
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ture’ makes up those qualities that result from one’s
experiences. That experiential or environmental fac-
tors have a tremendous influence on learning and
performance is undeniable. In this section we pro-
vide a synopsis of the range of environmental fac-
tors that contribute to sport performance.

2.1 Quantity and Quality of Training

In behavioural science, there are few relation-
ships as robust as the one between time spent prac-
tising and improvements in performance. Examina-
tions of skills ranging from cigar rolling®®* to read-
ing inverted text’®! have supported the strong
positive relationship between these variables. De-
spite the strength of this relationship, the specific
profile of this association is a topic of debate, with
some arguing that it best fits a power curve!3! or an
exponential curve,?71 while othersP®® argue that
learning curves are varied and diverse due to the
different rates at which individuals satisfy unique
constraints on them during practice. Although prac-
tice eventually becomes asymptotic, longitudinal
examinations of practice over time indicate that
improvements can continue even after years of in-
volvement.l*

Much of our understanding about environmental
influences on performance comes from studies of
sports expertise. In 1993, Ericsson et al.?%! produced
a seminal paper on the role of practice and expert
development that shaped a great deal of the research
that followed. Their position (based on the work of
Ericsson et al.,'*”! Simon and Chase,*!! and others)
was that, with proper attention to what they called
‘deliberate practice’ (i.e. relevant, effortful activities
done with the specific goal of improving perform-
ance), healthy individuals could prevent perform-
ance improvements from tapering off. Ericsson et
al.’ advocated that the relationship between time
spent in deliberate practice was monotonic (i.e. line-
ar) rather than a power or exponential function.
Their research with elite and non-elite musicians
supported the conclusion that the primary factor
distinguishing performers at different skill levels
was the number of hours spent in deliberate practice.
For example, in their examination of violinists, ex-
perts had accumulated >7400 hours of deliberate
practice by 18 years of age, compared with 5300
hours for intermediate-level performers and 3400
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hours for lower-level performers. Despite originat-
ing with musicians, Ericsson and his colleagues (for
a recent review see Ericsson™l) have repeatedly
concluded that the deliberate practice framework
also applies to the development of expert athletes.

To date, psychologists examining the application
of the theory of deliberate practice sport perform-
ance have investigated a range of sports. In general,
these studies have encountered problems with ap-
plying the deliberate practice framework to the at-
tainment of sport skill. For example, athletes tend to
rate relevant practice activities as being very enjoya-
ble and intrinsically motivating,[*>**! which con-
trasts with a key component of Ericsson et al.’sB!
definition of deliberate practice activities. Further-
more, there is some concern about which forms of
athletic training constitute deliberate practice. In the
original work of Ericsson et al.,®” only practice
alone was seen as meeting the requirements for
deliberate practice. In studies of deliberate practice
in sport, there are few, if any, training activities that
meet the original criteria in the definition set out by
Ericsson and others.*¥! Helsen et al.l**! suggested
that the specifications regarding what constitutes
deliberate practice in sport should be extended to
include all relevant forms of training.

Despite these problems, the relationship between
hours of training and level of attainment is typically
consistent with the tenets of the deliberate practice
framework. Expert athletes accumulate more hours
of training than non-experts.*>*! Not only do ex-
perts spend more time overall in practice, they also
devote more time to participating in activities
deemed most relevant to developing the essential
component skills for the highest level of perform-
ance.[*®%"1 For example, Baker et al.*9! found that
expert athletes from basketball, netball and field
hockey accumulated significantly more hours in
video training, competition, organised team prac-
tices and one-on-one coach instruction than non-
expert athletes.

The approach advocated by Ericsson and his
colleagues,® where expertise is simply the end
result of amassing the requisite number of hours of
training, has come under some criticism. For exam-
ple, this approach reinforces the idea that specialisa-
tion during early stages of development is necessary
in order to attain elite performance as an adult. The
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early specialisation approach is associated with sev-
eral negative consequences,*®4° and research-
ers*839 have recently challenged the necessity of
early specialisation in the development of elite per-
formance as an adult. They proposed that a more
diversified involvement during early development is
equally beneficial for acquiring requisite abilities.
Baker et al.’% studied experts from field hockey,
basketball and netball and found that a wide range of
sports was typically performed during early stages
of development. This broad involvement was gradu-
ally decreased as the athletes developed until they
‘specialised’ into their main sport. Moreover, Baker
et al.;’% found a negative correlation between the
number of other sports played and the number of
sport-specific training hours required before making
their respective national teams, suggesting that par-
ticipation in other indirectly relevant activities may
augment the physical and cognitive skills necessary
in the athletes’ primary sport. There is evidence to
suggest that some general capacities are transferable
across similar activities.>!-34

Furthermore, Coté et al.l> also suggest that play-
like activities during the early stages of training are
beneficial for skill development in many sports. In
early development, activities that are inherently en-
joyable and motivating may be necessary to provide
an impetus to continue training during times when
more diligent, effortful practice is required. Without
this pleasurable involvement, athletes run the risk of
dropping out of sport.[>®

The notion that play may be equally beneficial to
skill development during initial stages of involve-
ment is not unsupported. During early development,
progress comes rapidly and easily because there is
so much room for performance improvements. Dur-
ing this period, it is likely that any form of relevant
participation would provide improvement, regard-
less of whether this participation is in the form of
direct involvement through sport-specific training or
indirect involvement through sports that share com-
mon basic characteristics. However, as performance
progresses, enhancements become increasingly dif-
ficult to achieve until a point where focused training
on specific areas of weakness becomes the only
means of advancement. At this point, highly struc-
tured practice becomes the most effective form of
training. Although work in this area continues and
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these results should not be seen as conclusive, the
data suggest that the relationship between practice
and proficiency is more complex than originally
thought.

Considerable debate remains over the extent to
which training alone determines an athlete’s ulti-
mate level of proficiency;’*%! however, there
seems to be little doubt that attention to high-quality
training is critical for promoting the development of
expert performance. The only issue seems to con-
cern the nature of the practice constraints that inter-
act with and shape the quality of training processes
in high-level sport. These constraints can be cap-
tured as environmental or organismic in nature, !
and we discuss several examples in section 2.2.

2.2 Access to Resources

In a recent review, Baker and Horton®! identi-
fied a number of critical secondary factors that mod-
erate the influence of primary factors such as train-
ing. The availability of essential resources can sig-
nificantly influence the ability to engage in the
required amounts of high-quality training. We con-
sider several of these resources in sections
2.2.1-2.2.5.

2.2.1 Coaches

Coaches play a critical role in optimising an
athlete’s training time, in some cases having com-
plete control over the practice environment. Indeed,
a key characteristic of expert coaches is meticulous
planning.[® Researchers have dissected practices in
sports ranging from individual sports such as wres-
tling and figure skating,”6'l to team sports such as
volleyball*”! and basketball.[*>%3) What seems clear
is that the structure and content of expert athletes’
practice is superior to that of non-experts.

In addition to the ability to maximise training
time, proper coaching is critical for promoting adap-
tations to more advanced levels of learning and
development. As learners advance in skill develop-
ment, cognitive, physical and emotional needs
change and the role of the coach changes according-
ly. For example, Coté et al.l>>! suggested that, during
early phases of development, coaches should em-
phasise opportunities to develop fundamental motor
skills and general abilities that will form the basis
for more advanced development in the future. Only

Sports Med 2007; 37 (11)



Genes, Environment and Sport Performance

later in development should the focus change to
more technical aspects of training and a greater
attention to ‘deliberate’ types of practice. The ability
of the coach to use domain-specific knowledge to
optimally structure practice is essential to athlete
progression and development.

2.2.2 Parents

Researchers have highlighted the critical role that
parents play in promoting the athletic development
of their children. In an examination of exceptional
individuals across a range of sports and other activi-
ties, Bloom!®* reported that parental resources, such
as support, were imperative in nurturing talent. In a
more recent examination, Cotél%! corroborated
Bloom’s findings.

Both researchers noted that athletes go through
stages of development and that the resources provid-
ed by parents shift as athletes mature. During early
sport development, parents typically provide the
initial opportunity to get involved in sports. In es-
sence, parents play a leadership role by initiating
sport involvement. As the athlete matures, parental
involvement decreases and the performer takes
greater control of the decision-making process re-
garding their future career. Parents continue to pro-
vide support in a background role, as providers of
financial support and, more importantly, emotional
support.[®]

2.2.3 Culture

A significant and often overlooked factor in the
development of athletes is culture,® which some
have argued evolves at a faster rate than genetic trait
dispositions.[®® The importance that a nation or
community places on a particular sport can have a
dramatic influence on any success achieved. For
example, in Canada, the sport of ice hockey has
become a fundamental component of the national
identity.l®”1 Recent estimates!®® suggest that Canada
has three times more children playing ice hockey
than Russia, Sweden, Finland, the Czech Republic
and Slovakia combined. Given these factors,
Canada’s international success is not surprising.
Other countries have similar sport-related associa-
tions including Austria with skiing and Kenya with
distance running. More research is needed to devel-
op our understanding of how culture constrains the
development of expertise in sport.
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2.2.4 Relative Age

Another factor that appears to influence the ac-
quisition of expertise is the ‘relative age effect’ (see
Musch and Grondin'®! for a detailed review of this
concept). Many sporting codes group children by
age to moderate evaluation and competition; howev-
er, research indicates that older individuals in a
given age cohort (i.e. that have a greater ‘relative
age’), report higher levels of proficiency. To date,
this effect has been reported in various educational
settings!”®7! and in sports ranging from professional
ice hockey and baseball”>731 to junior football.[#!

Two main explanations have been offered to
account for the relative age effect. The first is that
older players are bigger, stronger, faster and better
coordinated than the younger players and thus expe-
rience more success and rewards and are more likely
to remain involved. Younger peers, on the other
hand, experience failure and frustration and with-
draw. A second hypothesis is that older players are
more likely to be selected to higher competitive
representational teams where they receive improved
coaching, facilities and playing time compared with
their peers. Each of these explanations have clear
implications for the development of elite athletes.

2.2.5 Size of Birthplace

Preliminary research has indicated that the size of
the city where an athlete spends their developmental
years may also affect their likelihood of attaining
elite-level performance.[>7% In an examination of
birthplace size in professional baseball, basketball,
ice-hockey players and golfers, Coté et al.l”” found
that the optimal city size for athlete development
appears to be between 1000 and 500 000 people.
What sets this study apart is that the effect was
consistent across team and individual sports and
across countries (Canada and US).

While the mechanisms for this ‘birthplace effect’
are not known, it is likely that a range of factors play
arole. For example, adolescents in smaller commu-
nities receive more social support, have higher
levels of self-efficacy, and experience fewer con-
flicts with others than those from larger cities.[’®!
Furthermore, smaller cities may provide an environ-
ment that is more conducive to the development of
sports skills by virtue of having more and safer
recreational space.[”®! Further research is required to
confirm the specific source(s) of this effect, but
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these findings reinforce the role that contextual fac-
tors play in promoting sports achievement.

Although research on sports expertise has provid-
ed a wealth of information about the environmental
constraints on the development of expert level per-
formers, less is known about how these variables
facilitate or impede performance at lower levels of
ability. Further research is needed with intermedi-
ate-level performers to complete our understanding
of the process of skill acquisition and the role of
various environmental constraints.

3. Genetic Constraints on
Sports Performance

This section examines evidence for genetic con-
straints on performance variability.l'! We focus on
the literature in psychological medicine and physiol-
ogy/molecular biology, which take different ap-
proaches to this issue.

3.1 Psychological Research

The field of behavioural genetics in psychologi-
cal medicine focuses on individual differences. De-
spite the, at times, acrimonious debate over the role
of genes and environment in psychological
medicine and related fields, it has been largely ig-
nored in theoretical sport and exercise psychology
where systematic research programmes on genetic
constraints have been conspicuous by their absence.
As with many other contentious issues in psycholog-
ical research, the dualist approach has failed to
capture the ‘complementary nature’ of the relation-
ship between genetic and environmental constraints,
that is, subtle nuances of the complex interrelations
between genes and environment.

Although research in this area is still limited,
requiring replication and validation, there is consis-
tent evidence supporting the role of genes in deter-
mining intelligence (as measured by IQ tests) and
personality. Behavioural genetics studies have
placed the heritability of 1Q at around 50%. Perhaps
more interesting is the heritability of personality.
Population examinations of a range of personality
measures have reported that heritability ranges from
0.30 to 0.50, regardless of the instrument used or the
personality trait being measured (for a review see
Plomin et al.[8%),
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One of the most productive research programmes
examining relationships between genetic factors and
psychological outcomes has been MISTRA (Minne-
sota Study of Twins Reared Apart)'®!l In addition to
examinations of general intelligence!®? and person-
ality,3334 MISTRA has also considered the influ-
ence of genes on psychological measures such as
attitudes towards work®! and job satisfaction,®! as
well as score on the Stroop Color-Word Test.[®7!
Without exception, genes account for a significant
portion of the inter-individual variation in these
measures. While the proportion of variance account-
ed for by genes varies depending on the measure and
the study sample, no psychological measure has
been found that has zero heritability.

A primary limitation of genetic studies of psy-
chological variables is that their role in performance
is relatively unknown. Physiological traits such as
muscle fibre type and aerobic capacity have been
clearly linked to performance by specific underlying
mechanisms. However, the links between psycho-
logical traits and performance are not as clear (e.g.
how does one’s attitude towards work specifically
affect performance?). This state of affairs may exist
because (i) research in the field of sports medicine
has not evolved to the point where there is a clear
understanding of the mechanisms of psychological
effects; or (ii) the mechanisms of effect are too
complex for current levels of understanding. What is
clear, however, is that without unambiguous under-
standing of how psychological factors affect per-
formance, researchers will be unable to replicate the
study designs used in population genetics and mo-
lecular biology.

Furthermore, while certain general traits have
been linked to heritability, it is now widely accepted
in behavioural genetics research that refinement of
these traits into domain-specific abilities (e.g. pat-
tern recognition, strategic thinking) occurs through
exposure to optimal preparation in specific environ-
ments. Plomin and Colledge!®®! have argued that
genetic research in psychological science is moving
beyond heritability, especially beyond the dualist
‘how much’ issue (i.e. how much of the phenotype is
predicted by either genetic or environmental con-
straints) towards a greater understanding of the
‘how’ question (i.e. focusing more clearly on the
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mechanisms by which genes can be expressed in
specific environments).

3.2 Studies of Genetic Constraints on Skill
Acquisition and Performance

There have been some attempts to understand
whether expertise, for example captured in the abili-
ty to recognise and perform a musical note or collec-
tion of notes when sounded, known as perfect or
absolute pitch,® has a genetic or environmental
basis. Absolute pitch is over-represented in profes-
sional musicians, compared with the general popula-
tion where its incidence has been estimated at 1 in
10 000.%1 Using surveying techniques, investiga-
tors have shown strong familial®!! and racial dispo-
sitions for the ability®? in expert musicians. Inter-
estingly, Slonimsky!®¥ pointed out that lacking per-
fect pitch did not hinder the careers of genius
composers such as Wagner or Tchaikovsky.

Some early attempts to examine the genetic con-
tributions to performance and acquisition of motor
skills also did not support a genocentric view. For
example, Williams and Gross® studied the per-
formance of 22 monozygotes (MZ; same genome
twins) and 41 dizygotes (DZ; non-identical twins)
on a stabilometer balance task over 6 days to ex-
amine the genetic contribution to performance and
learning. It was expected that between-individual
variation in performance and learning would be less
in the MZ group compared with the DZ group. This
prediction was supported by data indicating a
greater intra-pair resemblance for the MZ group
only when learning profiles of the twins were com-
pared over time. Intraclass correlations were used to
provide an estimate of the proportion of total pheno-
typic variance in performance and learning account-
ed for by heritability. Heritability effects were re-
ported as low during the earliest stages of learning,
but became increasingly influential later in practice.
Moreover, the proportion of variance in perform-
ance accounted for by systematic variation of the
environment, due to manipulation of constraints
during learning by coaches and teachers, peaked
early in practice. Although, heritability is made up
of genetic and environmental components, these
findings imply that there is some potential for influ-
encing performance and learning by manipulating
task constraints during practice.
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Other work on motor learning and performance
has been more ambitious. A study of pursuit rotor
tracking performance from MISTRAP3 examined
performance and learning of MZ (n = 64 pairs) and
DZ (n = 32 pairs) twins reared apart. The perform-
ance outcome score was time on target over 75 trials
(expressed as a proportion of the perfect score of 20
seconds). Fox et al.®! observed that performance of
the groups was highly similar with both showing
substantial improvements over the five trial blocks
of the first day. Patterns of variability for both
groups were also similar. Over practice, some par-
ticipants improved more than others leading to in-
creases in the within-group variability by day 3 of
the practice regime. However, it is important to note
that statistical analysis did not reveal significant
differences between the variances of the MZ and DZ
twins over trials. The authors noted greater variabili-
ty in correlations with task performance in the DZ
group over trials, although this effect may have been
due, in part, to the smaller number of DZ pairs
studied. The slope of the regression line for the DZ
intraclass correlations for the last 2 days was close to
zero, implying a decreasing contribution of environ-
mental factors as practice continued. Despite the
large inter-group differences in participants, it was
concluded that the consistently larger intraclass cor-
relations for performance in the MZ group com-
pared with DZ twins pointed to a significant genetic
component of performance.

Fox et al.’! proposed that a model in which
genetic and environmental effects were combined
best fit the data. The influence of heritability (re-
flecting both genetic and environmental factors) was
high from the first (proportion of performance vari-
ance explained = 0.66) to last trial block (0.69). The
fact that the influence of heritability was high for the
first of the initial five trial blocks (0.66, 0.53, 0.52,
0.55, 0.52, respectively) might be taken as evidence
to imply that individuals rely on innate capacities
when they attempt to perform a novel task for the
first few practice trials. Conclusions of a clear MZ
versus DZ distinction for dependent variables such
as percentage time on target, rate of improvement of
performance over trial block and improvement after
a period of rest, were based on genetic influence.

This line of research could be most relevant for
clinicians interested in motor learning and the acqui-
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sition of expertise. However, more work is needed
to clarify the influence of heritability, since in the
study by Fox et al.’>! it seems that motor perform-
ance was confused with skill acquisition. They only
studied participants over 75 trials and it could be
argued that the skill acquisition processes were not
examined, but rather motor performance. Finally,
more recent work has examined heritability in neu-
romuscular coordination./®® A twin model was used
to investigate MZ-DZ variations in accuracy and
economy of effort, assessed by analysing kinematic
data and electromyographical records of muscle ac-
tivity. Data showed that heredity accounted for the
greatest proportion of MZ-DZ twin differences in
movement accuracy and economy for fast elbow
flexion movements, not slow velocity movements.

3.3 Issues with Twin Studies

In the literature on genetic variations and per-
formance, there are a number of substantial method-
ological concerns with twin and adoption stud-
ies L1097 Classical twin research methodology
compares the correlation or concordance rates with
the same measures from same sex DZ twins reared
together and MZ twins reared together. Identical
(MZ) twins share 100% of the same genes and
fraternal or non-identical (DZ) pairs only 50% on
average. Greater MZ similarity is taken as evidence
of the powerful influence of genetic constraints. A
popular method has been to study identical twins
separated at birth (MZA: monozygotic, reared apart;
e.g. MISTRA), and raised under different socioeco-
nomic and cultural constraints. Such a comparison is
believed to provide an ideal analysis of nature and
nurture effects. Genetic inferences from separated
twin studies are based on the assumption that their
shared environments were not systematically more
similar than a group of unrelated and randomly
selected paired individuals, the so-called ‘unequal
environment assumption’. The problem, according
to Joseph,”! is that these comparisons are almost
impossible to achieve in reality. It is a daunting task
to obtain ‘pure’ separated twin samples that fit the
stringent criteria needed for a good test of genetic
and environmental constraints. This is because sepa-
rated twins are often reared by different parts of the
same extended family, or are brought up in highly
similar cultures and socioeconomic contexts. Some-
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times separation was not at birth and intermittent
contact was maintained during upbringing.!-7!
These design weaknesses have led to questions
whether there have been strong and clear demonstra-
tions of behavioural similarities between MZAs
reared in uncorrelated environments. According to
JosephP7l .. significant MZA personality and
behavioural correlations can be explained plausibly
on the basis of the various environmental similari-
ties shared by separated identical twins and by in-
flated figures resulting from bias and error in the
various studies.”

3.4 Physiological/Molecular
Biological Research

Research in the disciplines and sub-disciplines of
biological psychology, medicine, physiology and
cell biology has favoured a molecular approach in
attempting to identify the genetic influence on indi-
vidual differences in human behaviour, rather than
relying on the twin study methodologies favoured
by psychologists. As highlighted in the introduction,
a number of candidate genes that contribute to per-
formance variability continue to be identified in the
molecular biology and exercise and sports physiolo-
gy literature (for a review see Davids et al.®"). The
molecular search for the genetic bases of human
capacities, such as physical performance, has engen-
dered strong rhetoric in some quarters, with some
molecular biologists calling it the ‘biological coun-
terpart’ to the holy grail,[**! and some sport scientists
asserting that genes are responsible for up to half the
variation in physical performance between individu-
als within a population.'®! But does current scien-
tific understanding support the philosophy of bio-
logical determinism? Is the ‘single gene as magic
bullet’ rationale a valid basis for investigating the
complexities of genetic and environmental con-
straints on performance in sport? In this section we
examine some evidence for the genetic bases of
physical performance in humans showing that the
bio-deterministic viewpoint is not supported.

There has been an ongoing, concerted endeavour
to produce a human gene map for physical perform-
ance and health-related fitness.['!! Most effort to
identify single gene variants influencing the genet-
ics of fitness and physical performance has been
conducted on ACE insertion/deletion (I/D) poly-

Sports Med 2007; 37 (11)



Genes, Environment and Sport Performance

11

morphisms in different groups of exercisers includ-
ing elite athletes and non-exercisers. However, the
ACE gene is one of a number of candidate genes
researchers have associated with inter-individual va-
riability in physical performance.l'?1921 Other stud-
ies have examined the relationship between the insu-
lin-like growth factor-1 (IGF-1) genotype and re-
sponses to muscle training.['% Some research has
attempted to determine mitochondrial DNA and o3-
actinin (ACTN3) genotypes in elite national-level
athletes in endurance events (n = 52) and sprints (n =
89). A trend towards higher ACTN3 X/X genotype
frequency was observed in the endurance ath-
letes.['%* A detailed overview of all the work on
single gene variants for fitness and performance is
beyond the scope of this article. Instead, we shall
focus on research in key areas of skeletal muscle and
muscle energy systems in humans as well as the
ACE gene to exemplify the benefits of a model of
nature and nurture interactions to explain fitness and
performance variations in humans.

3.5 Skeletal Muscle and Skeletal Muscle
Energy Systems

The effects of various environmental factors on
gene expression in fibre typology of striated muscle
have been studied in humans and animals, with
many studies reporting interactive effects between
expression of single gene variants and a number of
environmental factors including microgravity condi-
tions, training, illness, obesity and aging.[1931%] [n
particular, onset of sarcopenia with aging has stimu-
lated increased effort to study the inter-individual
variability in adaptation to muscle strength training,
causing some researchers to seek a genetic explana-
tion for the individual variations.!'%”) Other work has
demonstrated how environmental constraints such
as training or enforced immobilisation (simulating
injury or illness) interact with gene expression in
muscle fibre type. Adaptation to environmental con-
straints appears to mediate gene expression in mus-
cle fibre and myofibril, although the interaction
effects can differ extensively. Myosin heavy chain is
a highly significant protein, with three functionally
distinct forms, and research has attempted to under-
stand how its expression in muscle is affected by
environmental constraints such as diet, training and
rest.!%! For example, enforced immobilisation and
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exercise training down- and upregulated expression
of type I myosin heavy-chain messenger RNA
(mRNA), respectively, whereas both environmental
factors upregulated expression of type IIx myosin
heavy-chain mRNA.[1%8]

Twin-based research has revealed for some time
that at least 50% of variance in baseline strength and
lean body mass is accounted for by genetic fac-
tors, 191191 with muscle adaptation to strength train-
ing also long considered to be high in heritabili-
ty.[''1.1121 Genes that constrain production of pro-
teins are believed to be influential in regulating
muscle strength and muscle mass.!'% For this rea-
son, IGF-1 is believed to be a prime candidate
genetic marker for these purposes, although the en-
vironmental influence of training is clearly implicat-
ed in its effect on muscle mass and strength
gains.[''3] In research on muscle fibre gene expres-
sion, calcineurin has been proposed to stimulate the
slow and fast muscle fibre-type phenotype. This is
important given the role of intracellular calcium
levels in regulation of slow twitch fibres.!'141151 In
more health-related research, the influence of envi-
ronmental factors on gene expression has also been
demonstrated on different muscle fibre types. For
example, dietary regulation of fat oxidative gene
expression has been examined for type I (soleus)
and type II (extensor digitorum longus) muscle fib-
res in humans.''®! Evidence showed that the expres-
sion of an array of genes was increased regardless of
muscle fibre type.

Finally, the role of the enzyme adenosine
monophosphate deaminase (AMPD) has been iden-
tified in regulating muscle energy metabolism dur-
ing intense endurance exercise, with the skeletal
muscle-specific isoform of AMPD encoded by the
gene AMPDI, located on chromosome 1pl3-
p21.11"71 Although a deficiency of AMPD was con-
sidered to be responsible for exercise limitation and
decrements in functional capacity, reports suggest
that this was not the case, as long as training and
experience to an elite level had occurred.l!'”!

3.6 The ACE Gene

Over the last decade, the role of ACE gene vari-
ants has received considerable attention in the exer-
cise physiology, molecular biology and sports
medicine literature bases.[!'8-1211 Significant inter-
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individual variations in response to training of the
cardiovascular system have led investigators to
question the extent to which genetic diversity may
be responsible for the data.l'?>123! In muscle, ACE
has the role of degrading vasodilators (i.e.
bradykinin and tachykinin) and stimulating produc-
tion of the vasoconstrictor angiotensin II during
physical performance.!'>* Three variants of the pol-
ymorphism of the human ACE gene have been
found. The presence or absence of a 287 bp frag-
ment, characterises the I (insertion) and D (deletion)
allele respectively, leading to three variants (II, ID
and DD).

Increasing ACE activity has been linked with the
D allele, affecting the degradation of bradykinin and
synthesis of angiotensin II. DD participants show
increased conversion of angiotensin I to angiotensin
11, the latter having a vasoconstriction effect. How-
ever, since the conviction of early research, there
has been less certainty in the outcomes of studies on
ACE gene polymorphisms on endurance perform-
ance. For example, work on Kenyan elite middle-
and long-distance runners, compared with non-ath-
lete controls, found no differences in genotype fre-
quencies between the groups.!''?! Clearly more work
is needed in this area since Rankinen et al.['®!! noted
that three cross-sectional association studies pub-
lished in 2005 reported a positive performance ef-
fect for endurance-related phenotypes in the ACE
gene.

Angiotensin II seems to have a stimulatory influ-
ence on endogenous factors for muscle cell growth,
contributing to a hypertrophic training response use-
ful for power development.'>! Degradation of
bradykinin results in lower substrate metabolism
and less efficient vasodilation. Therefore, lower
levels of ACE activity may be associated with in-
creased half-life bradykinin, which alters substrate
metabolism. Increased angiotensin II is associated
with the DD genotype and may facilitate muscle
bulk for power sport performance. It is estimated
that 25% of the population have the II genotype,
50% the ID genotype and 25% the DD genotype.!'%?!

Do particular variants of the ACE gene genotype
occur more frequently in specific populations (e.g.
endurance or power athletes) compared with con-
trols? Early work with army recruits found that the I1
form of the gene was associated with lower activity
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levels of ACE in muscle than the DD allele, and an
increased response to physical training.!'?®! Recruits
with ACE genotype II differed by as much as 1100%
in response to repetitive upper-arm exercises com-
pared with DD genotype peers. Individuals with a
heterogeneous genotype (DI) were associated with
levels of performance between both homozygous
genotypes. In sport, a higher prevalence of the II
genotype has been found in elite endurance athletes
including mountaineers able to resist effects of hyp-
oxia and climb to 7000m without the aid of oxygen,
as well as Olympic-standard endurance runners and
elite rowers.[126-1281 [n their compendium of all genes
and markers associated with health-related fitness
and performance, Rankinen et al.l'%l revealed six
studies reporting a positive relationship between
power performance and muscle strength-related
phenotypes.

Do these data imply that athletes are born and not
made? Despite the rhetoric in the popular science
literature, it seems that there is currently no clear
evidence to support that implication. The appropri-
ateness of this conclusion in the face of claims that
human physical performance is ‘strongly’ influ-
enced by genetic factors!!”®! was underscored in a
study by Bouchard et al.['>*! who attempted to estab-
lish the proportion of influence attributable to genet-
ic and environmental constraints on familial resem-
blance for maximal oxygen uptake during exercise
on a cycle ergometer in sedentary individuals.!'>!
Exercise performance of fathers, mothers, sons and
daughters was measured in 86 nuclear families.
Maximum heritability including genetic and non-
genetic causes for physical performance accounted
for 51% of the total adjusted phenotype variance.
Several models of interacting constraints were test-
ed and results showed that there was 2.6-2.9 times
more variance between families than within fami-
lies.

Yet again, difficulty in disambiguating the spe-
cific constraints of genes and environments was
apparent in that study. Genetic and familial environ-
mental influences could not be ‘fully quantified
separately’ although ‘inferences about their respec-
tive contributions to the phenotype variance could
be made by inspection of the pattern of familial
correlations’. Of course correlations do not imply
causation. The emphasis on the constraints imposed
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by the shared familial environment is also important
to note. While this explanation may hold, it does not
preclude influence of ‘wider’ environmental con-
straints such as sociocultural changes in society,
including the impact of media images, ‘stereotype
threat’,!'3% government education programmes and
peer group pressure.

Other research on human behaviour has revealed
that genes work in combined networks to influence
biological function, refuting the idea of successful
athletes being differentiated on the presence of a
single gene variant (for a similar argument in devel-
opmental theory see Johnston and Edwards!'3!).
Rankinen at al.’s!'%! record on the progress in mo-
lecular biology towards a human gene map, noted
that although 165 autosomal entries, 5 X chromo-
some assignments and 17 mitochondrial markers
were obtained in 2005 alone, there is still little
understanding of the role that such genes might play
in individual differences in health-related fitness
and physical performance. Therefore, whilst re-
search may be capable of identifying single gene
variants believed to be involved in variations in
fitness and physical performance, many scientists
have moved away from an extreme biologically
deterministic stance. Despite this, there has been
inadequate progress in understanding how single
gene variants may interact with different environ-
mental constraints, such as enforced bed rest, ill-
ness, aging, space travel and sports training.!'!”]
These more complex research investigations are
precisely what are needed with respect to under-
standing how practical interventions may interact
with distinctive genotypical profiles.

3.7 Stochasticity in Cellular
Regulation Processes

The arguments against a biologically determinis-
tic view of processes of gene transmission are im-
portant to note because of the prevalence of the
implicit assumptions underlying the ‘single-gene as
magic bullet’ philosophy held by some sport practi-
tioners. Somehow over the years, the view of DNA
as information bearer has been replaced with the
mechanistic fallacy of DNA as blueprint, plan, or
master molecule.™ Fortunately, the ‘gene as
blueprint’ traditional rationale is giving way to bet-
ter understanding of the mechanisms and processes
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of genetic transmission, including transcription and
translation, revealing that expression levels of single
genes or networks of genes are far more open to
stochastic fluctuations in constant environments
than previously thought.['3? It is now proposed that
molecular interactions are inherently random lead-
ing to stochasticity in the biochemical processes of
transcription, protein synthesis and the basis of gene
transmission.[3 Intracellular processes involve
thousands of chemical interactions and a high level
of random fluctuations has been identified in RNA
levels and expressed proteins with the potential for
considerable  unpredictability in  molecular
events.3 As Kauffman!!'3? noted, random chemi-
co-electrical fluctuations are a serious issue in ge-
netic networks since cellular regulatory processes in
biological systems are inherently noisy. The use of
negative feedback loops helps to stabilise system
dynamics against effects of perturbing fluctua-
tions.l3* Simulation modelling of the gene trans-
mission process has shown that deterministic views
of protein concentration and synthesis, the basis of
gene expression, are untenable due to the potential
for fluctuations in these critical variables, both
linked with population heterogeneity.!'33 Tradition-
al views hold that stochasticity is an index of cellular
noisiness, disruptive to cell regulation processes.
Some more recent interpretations of stochasticity
suggest that it is a mechanism for cellular and phe-
notypic diversification, providing an evolutionary
advantage for organisms that benefit from it.['3%

Although some geneticists have pointed to the
propensity of some physiological processes for
destabilising the phenotype, the main argument pro-
posed is that there is a ‘redundancy and reserve
capacity’!'? in the design of neurobiological sys-
tems to cope with these perturbations. Later in this
article we argue that a more accurate characterisa-
tion in neurobiology may be that genetic regulatory
systems are ‘degenerate’ and not replete with redun-
dancy.['3>136] This is because the propensity for re-
entrant trajectories between network states has pro-
vided valuable insights into the functional role of
stochasticity in stabilising diversified cell types as
attractors within cellular networks.!32!

What are the implications of this new knowledge
from molecular biology for sport scientists interest-
ed in individual differences between performers? It
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is critical that scientists and clinicians understand
the biological significance of this previously unob-
served stochasticity in gene expression. Further-
more, other data mitigating against the blueprint
conceptualisation of genetic transmission processes
can be observed in evidence that identical twins are
not actually identical. Evidence from the study of
phenotypically identical twins showed that their fin-
gerprints differ and the shape of their brains can
differ by as much as 40%.!"3" This is important for
sport clinicians to note because typically they are
exposed to research findings from behavioural ge-
netics, which are concerned with explanations of
hereditary influences at the level of populations, not
individuals. Heritability estimates are specific to a
sample studied, and changes to the environment can
change the heritability estimate from the same sam-
ple of individuals with the same genotypes.[!!

Clearly, therefore, as sequencing of genomes in
biological organisms gathers pace, it is becoming
apparent that genes should not be viewed as a
blueprint for success in sport. As Johnston and Ed-
wards!3!l have pointed out, it is “a very long step
from polypeptide sequences to behaviour — a step
that covers much incompletely understood territo-
ry.” Attempts to see genes as building plans are one
of the great artificialisms of human conceptualisa-
tions of nature.!'3¥ It has become a ‘central dogma’
of how people think about the process of evolu-
tion.[3°! Genes simply contain the information to
synthesise proteins with properties leading them to
cluster together. Lewontin®! criticised the stance of
‘biological determinism’, the medical model’s re-
jection of polymorphism and the implicit notion of
variability as deviation from a ‘perfect ideal’. Ge-
netic diversity is the norm and biological systems
are not DNA-determined. There is no single, stan-
dard, normal DNA sequence that human beings
share and it is estimated that DNA sequencing in
individuals varies by 0.1% (~3 million nucleotides)
including inherited sequences from parents. It takes
more than DNA to produce a living organism, which
cannot be computed from DNA sequences. Accord-
ing to Lewontin,! “A living organism at any mo-
ment of its life is the unique consequence of a
developmental history that results from the interac-
tion of and determination by internal and external
forces.”

© 2007 Adis Datfa Information BV. All rights reserved.

The shift in understanding of the cellular
mechanics of gene expression should lead to a cor-
rection in the relentless advance to find the ‘single
gene as magic bullet’. Some molecular biologists
are leading the way in advocating a less determinis-
tic view of gene expression based on their research
findings. For example, Jones et al.l'?l have noted
that “The ACE I/D polymorphism should not be
considered a ‘gene for human performance’, but a
marker for modulation such that one would expect
an excess of the I allele in the truly elite endurance
athlete, with a concordant excess of the D allele
represented in the more power-oriented events.”

With respect to understanding the nature of ge-
netic constraints on variability in sport performance,
it is not clear how useful this information could be
for sport practitioners designing specific training
and selection programmes. Jones et al.['%? also stat-
ed that “The ACE genotype has never been associat-
ed with endurance performance in the untrained
state. Any effect appears to require a period of gene-
environment interaction. A high level of aerobic
fitness is an essential, but not sole, requirement for
elite endurance.” A final point to note according to
Jones et al.'%%! is that “There will always be elite
endurance athletes who are of the ACE DD geno-
type, and many champions in anaerobic sports of the
II genotype. Whatever the data may conclude, elite
athletes are still made and not born, though perhaps
some may be made elite in one discipline more
easily than others.”

4. The Fallacy of a Dualist ‘Debate’:
Alternative Approaches to Nature
and Nurture

Our review of the strengths and weaknesses of
theoretical ideas and empirical research for theories
of learning and performance has revealed major
implications for understanding how environmental
and genetic constraints function. It can be concluded
that neither specific approach provides enough ex-
planatory power to account for all the data on per-
formance variability. There is now clear evidence
rejecting the idea that single gene variants can pre-
dispose an athlete to superior performance manifest-
ed in a specific domain, without clear and detailed
consideration of the performance context (e.g. a
gene for soccer performance). Edelman and Gal-
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ly!!35] have highlighted the fallacy of this view by
arguing that “All observable properties of an organ-
ism are determined by the workings of a degenerate
network of many genes.” Degeneracy exists at all
levels of biological movement systems and is tech-
nically defined as non-isomorphic components pro-
ducing isofunctional outcomes, effects or solu-
tions.[3¢1 Degeneracy in gene networks promotes
evolutionary fitness of a species by ensuring that
genetic diversity supports functional adaptation to
variable environments. Neurobiological degeneracy
provides the basis for gene expression as an inher-
ently stochastic process.['33] We also noted that the
implicit basis of the deliberate practice perspective
is the adage ‘all healthy individuals are created
equal’. Analysis of the literature on genetic con-
straints on variability of performance does not sup-
port this conclusion, but this interpretation of the
literature should not be taken to imply that physical
performance is biologically determined. Rather, ef-
fects of interacting constraints on acquisition of
skill, expertise, health and physical performance
have been noted, since despite variations in genetic
structure, maximal heritability of particular traits
includes strong environmental components. The
presence of dynamically varying environments in-
teracts with an inherent property of human move-
ment systems, degeneracy, to signal a new view on
variability. Degeneracy is an omnipresent property
of many complex, neurobiological systems that fa-
cilitates achievement of functional movement out-
comes in variable environments through diversity of
processes.!'3®! This new perspective on variability
reveals that compensatory adaptation in perform-
ance achievement occurs as the result of system
trade-offs between specificity and diversity of
behaviours.[!3]

Research considered in this article has shown
that, in the development of individuals, biological
dispositions and environments should not be con-
ceptualised as separately evolving, static entities,
but rather as dynamically yoked. Biological disposi-
tions and environmental influences are responsive to
each other as exemplified in research on the chang-
ing structure of the CNS with learning exper-
iences.["*1 Determining the impact of neurobiologi-
cal degeneracy on achievement of elite sport per-
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formance remains an important focus for future
research on genetic and environmental constraints.

These ideas on the dynamic relationships be-
tween genes and environment and the functional
role of degeneracy in the human nervous system are
harmonious with a dynamical systems theoretical
perspective on the influence of interacting con-
straints. In this regard, science needs to move be-
yond a characterisation of natural phenomena in
‘dualisms’ to understand the ‘complementary na-
ture’.?* The application of dynamical systems theo-
ry to the study of neurobiological performance can
provide a substantial theoretical framework for in-
terpreting the complementary nature of genetic and
environmental constraints on each individual per-
former.!'%%81 From this theoretical standpoint, genet-
ic diversity may be responsible for a small part of
training or performance response differences be-
tween individuals, and only when there is a favour-
able interaction with important environmental con-
straints are performance benefits observed. For ex-
ample, there is growing consensus in the study of
human obesity that the contribution of genetic fac-
tors is exacerbated in environments that differ in
caloric availability."*!! Genetic propensity towards
adiposity has less of a constraining influence on
individuals in environments where caloric availabil-
ity is lower, whereas these same individuals would
be at greater risk in caloric-rich environments. Such
environments can be categorised as high or low risk,
depending on prevalence of other significant cultur-
al constraints including lack of training facilities,
work patterns imposed on traditional meal times,
and the fall in popularity of physically active pas-
times, leading to a greater emphasis on more static
activities such as playing computer games and TV
watching.

Strong interaction effects on endurance perform-
ance of amphibians have been clearly demonstrated
in evolutionary physiology studies manipulating di-
et. A high initial heritability component (0.40) for
locomotory endurance capacity (running time to
exhaustion just after birth) was altered with dietary
changes, showing how expression of genetic tenden-
cies for physical performance is dependent on envi-
ronmental contexts.!'*?! Although this work needs to
be replicated with humans, it appears that phenotyp-
ic expression of exercise behaviours might be best

Sports Med 2007; 37 (11)



16

Davids & Baker

understood at the level of individual interactions
with key environmental constraints and associated
risk, rather than as defective behaviour in a ‘medical
model’.®¥ This is particularly relevant when consid-
ering effects of time spent in practice in sport. Given
differences in genetic contributions, performance
variations are more likely to assert themselves under
intensive practice regimes.

An implication of these findings and of other data
reviewed in this article for understanding individual
variations in physical performance is that there may
be diverse ways for neurobiological systems to
achieve similar performance outcome levels. For
example, athletes of a putatively less favourable
genotypic disposition might succeed as long as they
are exposed to appropriate training environments.
However, it can be concluded that performers with a
more favourable genotype, who interact with appro-
priate training environments, are more likely to re-
ceive a greater training response. Current data on
genetic constraints on motor skill acquisition are
unclear due to a number of methodological weak-
nesses and conflicting findings, and there is a need
for more work to identify genetic mechanisms un-
derlying performance variations. Moreover, the
greater emphasis on constraints in the dynamical
systems perspective implies that the nature-nurture
argument can be superseded, as we note in section 5.

5. Where to from Here? The Future of the
Nature-Nurture Debate

Based on evidence reviewed, one of the most
likely reasons the nature-nurture debate has not been
resolved is that it cannot be resolved using current
dualist paradigms that separate influences into dis-
tinct categories (i.e. either nature or nurture). At its
root, behavioural research will never predict events
with the same level of certainty as fields like biolo-
gy, physics and chemistry. Dynamic neurobiologi-
cal systems, such as athletes, are dramatically affect-
ed by any uncertainty (or chaos) in the behaviour of
performance-related variables. According to Gollub
and Solomon,!"*¥ “any uncertainty [in a complex
system]... no matter how small, will lead to rapidly
growing errors in any effort to predict the future
behaviour.” The behaviour of complex systems is
only completely predictable when the components
of performance are known to an infinite degree of
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accuracy. Given these constraints on performance
and behaviour, prediction of athletic performance
will always be limited by uncertainty and com-
pounded by degeneracy. However, understanding
the range of influences that affect sports perform-
ance is within our grasp, provided we ask the right
questions.

In contrast to the bullish search by some molecu-
lar biologists for the single gene variant that
characterises elite performance in specific sports
and physical activities, psychologists generally
seem to have accepted the idea of co-action of genes
and environment, preferring to highlight the view
that no psychological measure shows zero heritabili-
ty.[88! Furthermore, it is possible to interpret existing
data on inter-individual variability in the health and
physical activity domain based on the interaction of
genetic and environmental constraints. For example,
an interesting issue concerns the relationship be-
tween propensity to engage in daily physical activity
and inter-individual differences in resting metabolic
rate. The heritability estimate of the tendency to
exercise and participate in sports and physical activ-
ity has been provided??! and this issue was consid-
ered with groups of five different types of twins
differing on MZ-DZ and male-female dimensions in
adolescents aged 15 years.!'* Although, the origi-
nal biometric model traced to Fisher in 1918 for
estimating the heritability statistic did not include a
component for interaction of genotype and environ-
ment, recent evidence suggests that an interactionist
model exhibiting the co-influence of genetic factors,
as well as unique and shared environments provides
a best fit with the data on time spent in physical
activity. In females, the genetic component contrib-
uted 44% of the variance explained, with shared
environmental factors mainly contributing the rest.
For males, the genetic component was more domi-
nant, contributing 83% of the variance. The authors
explained this major difference in the data as ema-
nating from the importance of the social environ-
ment for female members of twins and physical
morphological factors for males at the age studied.
Other evidence has found that genes may influence
the disposition towards higher intensity exercise in
physical activity choices, although attempts to im-
plicate marker genes with individual differences in
resting metabolic rate have found only weak and
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inconclusive support.!'* The implication is that the
genes-environment interaction may have different
dimensions for males and females, which could
have important implications for planning physical
activity participation programmes.

6. Conclusions

Frans de Waal, in his address to the 2001 confer-
ence of the American Psychological Association,
advocated for an approach to human behaviour that
integrated the effects of learning and the environ-
ment with Darwinian perspectives of biology and
genetics. [+

Allied to this recommendation, the literature re-
viewed in this article suggests that many clinicians
and sports scientists may be expecting more from
quantitative molecular studies than can be delivered.
A requisite step forward would be to discard both
the dualist approach to nature versus nurture and the
‘gene as magic bullet’ philosophy. It is becoming
clear that sports performance is the result of interac-
tions among a host of genes and environmental
constraints. There are important implications for
advising clinicians, teachers, coaches, administra-
tors and athletes on the seductive, but highly sim-
plistic, myths surrounding ‘single-gene-as-magic-
bullet’ approaches, which have become more preva-
lent in sports medicine. These implications relate to
the uncritical acceptance of general models for tal-
ent identification and development programmes
across the world. For example, there is no single
gene for ‘hand-eye’ or ‘hand-foot’ coordination in
children. But there are nervous system thresholds
and differences in children’s opportunities to exploit
critical maturational phases in developing timing
behaviour in interceptive actions.['*) Sport re-
searchers are encouraged to consider interactionist
designs when investigating the range of influences
on the development of skilled performance. Never-
theless, establishing the validity of moderating and
mediating relationships will be a long-term process
due to the complexity of the relationships suggested
and the difficulties associated with identifying inter-
active relationships of this nature (for a review see
Wahlsten!'#”!). Cronbach!!*8! stated, “serious inter-
action research ought to be a program of several
years’ duration, although there are few examples in
behavioural science.” Although challenging, an in-
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teractive approach for analysing relative contribu-
tions of genes and environment in degenerate
neurobiological systems may shed light on a number
of significant issues in sports science and medicine
related to the acquisition of expertise in sport.
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