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The Nature and Nurture of Human Performance

Vassilis Klissouras

The focus of this review is on the role of genes in human phenotypic variation. Early twin
studies amply demonstrated that the variation observed in several physiological responses
to maximal muscular effort is largely genotype-dependent, while in VO2max variation is
almost entirely due to the variety of genotypes that exist in individuals. More recent
studies have applied the path genetic analysis to twin and nuclear family data, and found
genetic influence to be mainly additive and environmental influence to be non-shared,
with no evidence for a major impact of genetic dominance of shared environment. Taken
together, twin studies converge on the conclusion that not only are genetic influences
significant, they are also substantial, accounting for the greatest part of individual
differences in most phenotypes related to human performance. However, genetic
dependence does not exclude environmental influences. A highly heritable phenotype
does not mean that it is predetermined, but training can exert its profound effect only
within the fixed limits of heredity. Though genes and training may set the physiologic
limit, it is behavioral and other factors that determine the ultimate frontiers of human
performance. (Note: This article is based on an invited lecture presented at the Vth
Annual Congress of the European College of Sport Science, Jyvaskyla, July 19–23, 2000,
and supported by the Hellenic Ministry of Research and Technology and by the Special
Account for Research Grants of the National and Kapodistrian University of Athens.)
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Key Points:
• Taken together most twin studies converge on the conclusion that not only are genetic
influences significant, they are also substantial, accounting for the greatest part of
individual difference in most phenotypes related to human performance.
• Training cannot modify a phenotype beyond a limit set by the genotype and will never
erase individual differences due to innate ability.
• Scrutinization of the available evidence does not support the contention that trainability
of VO2max is genotype-dependent, nor does it warrant the inference that superior athletes
are more sensitive to training.
• Though genes and training may set the biophysical limits, personality traits will
determine the ultimate frontiers of human performance.

1. Introduction: The Twin Model
Human performance represents several independent biological and behavioral abilities and traits,
all integrated into a complex system. The key to understanding human performance is
understanding the relative powers of nature and nurture (genes and environment) in the
phenotypic variation of its determinants. As early as 1876, Francis Galton (13) argued for the



inheritance of the traits that lead to human eminence and explicitly stated that: “There is no
escape from the conclusion that Nature prevails enormously over Nurture.” He used the
following eloquent parable to illustrate his notion.

Many a person has amused himself by throwing bits of stick into a tiny brook and
watching their progress; how they are arrested, first by one chance obstacle, then by
another and again, bow their onward course is facilitated by a combination of
circumstances. He might ascribe much importance to each of these events, and think how
largely the destiny of the stick had been governed by a series of trifling accidents.
Nevertheless all the sticks succeed in passing down the current, and in the long run, they
travel at nearly the same rate. The one element that varies in different individuals, but is
constant in each of them, is the natural tendency; it corresponds to the current in the
stream, and inevitably asserts itself.

There is accumulating research evidence to show that Galton’s argument on the preponderance
of the genetic effect on phenotypic variation applies equally well to human diversity in bodily
functions, processes, and adaptations during physical exertion and hence to human performance
(4, 22, 28). Two research strategies have been used to study the role of nature to the phenotypic
variation: the measured genotype approach and the unmeasured genotype approach. The former
includes direct measurements of genetic variation at the protein or DNA level and seeks to
estimate the impact of allelic variation on the phenotypic variation, while the latter approach
estimates the relative contribution of the genetic variation to the phenotype variance, by studying
twins as well as extended family data.

This review is confined to the unmeasured genotype method and particularly to the twin model,
which makes use of monozygotic (MZ) and dizygotic (DZ) twins. MZ twins have identical
heredity, and therefore any intrapair difference in a trait must be due exclusively to
environmental influences, while DZ twins share on the average half of their genes like ordinary
siblings, and any difference observed between them can be attributed to either genes or
environment or both. From comparisons of intrapair differences between MZ and DZ twins, it is
possible to separate the relative contribution of genotype and environment for any attribute by
deriving a coefficient of Heritability. Heritability (h2) is defined as the proportion of phenotypic
variance attributable to observed individual differences in actualized genetic potential, and its
proximity to unity signifies the relative share of the genotype. The closer the h2 is to unity the
stronger the assumed genetic influence. It must be emphasized that heritability has no etiologic
role in the phenotype, nor has it sensible meaning with reference to measurement in an
individual. It is only an estimate of the extent to which heredity affects the variation of a given
trait.

Heritability estimates have often been subject to criticism due to the biases of ascertainment and
the acceptability of the underlying assumptions on which the twin model is based. For this reason
it is imperative, on the one hand, to determine accurately the zygosity of the twins and avoid the
potential source of bias related to the estimate of their genetic variance (11) and, on the other, to
assure environmental comparability for both types of twins (32, 34).



2. The Relative Power of Nature
Early Twin Studies on VO2max

In 1971 Klissouras (20) used the twin model to discover to what extent genetic predisposition
accounts for inter-individual variability in physiological responses related to oxygen transport
and utilization system during maximal muscular effort. Measurements were made in 25 pairs of
twin preadolescent boys (15 pairs of MZ and 10 DZ) while running at progressively increasing
intensities to exhaustion on a motor-driven treadmill. The intrapair correlation in maximal
aerobic power for MZ and DZ twins was 0.91 and 0.44, respectively, and the heritability
estimate 93.4%. On this evidence, it was concluded that the variation observed in maximal
aerobic power is almost entirely due to the variety of genotypes that exist in the individuals. It
should be noted that young twins were used purposely as subjects in this early study in order to
ensure that environmental influences were similar for both types of twins; thus, the fundamental
assumption of environmental comparability, on which the twin method is based, was satisfied. It
could be argued, however, that dizygotic pairs would be under more diverse environmental
influence than monozygotic pairs during the developmental period. For this reason, Klissouras,
Pirnay, and Petit (24) conducted a follow-up study to determine whether the small intrapair
differences observed in VO2max between identical twins and the marked differences between
fraternal twins persist throughout life.

It was reasoned that, in twins exposed to similar environments at different stages in their lives,
any differences between DZ and MZ twin pairs must be an expression of the relative strength of
the genotype. On the contrary, in those twins exposed to contrasting environments, the resulting
differences may provide a measure of the responsiveness to environmental forces. Thirty-nine
pairs of twins (23 MZ and 16 DZ of both sexes), ranging in age from 9 to 52 years, participated
in this study. The mean intrapair difference in maximal aerobic power between twin pairs was
significant for dizygotic twins, but not for monozygotic, and gave further support to the
hypothesis of the preponderance of the genetic effect on the phenotypic variation in maximal
aerobic power and strengthened the Galtonian notion that “natural tendency inevitably asserts
itself.”

Path Model Analysis on VO2max

One of the criticisms of the classic twin study method is that it fails to separate the variance
attributable to non-shared and shared environmental effects. For this reason, more recent studies
have applied to the twin and nuclear family data, the path analysis, where the phenotype of the
twin brothers is modeled as being determined by additive genetic effects, common
environmental effects, and specific environmental effects (32).

Fagard and co-workers (13) measured the peak O2 uptake in 48 pairs at male twins (29 MZ and
19 DZ), aged 18–31 years. They all performed a graded uninterrupted exercise test on the bicycle
ergometer to exhaustion. By use of path analysis, the genetic variance of measured peak O2

uptake was estimated at 77%, at 71% after adjustment for weight and skinfold thickness, and at
66% after additional adjustment for weekly hours of sport participation. The remaining variance
was attributable to non-shared environmental factors. The estimate of genetic effect of peak O2

uptake calculated with the heritability coefficient was 80% in ml · kg–1 · min–1, which was
reduced to 74% when adjusted for body weight, skinfold thickness, and sport participation.



Maes and associates (30) measured maximal oxygen uptake during a maximal exercise test on a
treadmill for 105 ten-year-old twin pairs and their parents. Genetic models were fitted to data to
quantify the contribution of genetic and environmental factors to the variation observed in
VO2max. The genetic component for VO2max variation was 87% for females and 69% for males.
Thus the elaborate model of analysis demonstrated, as in the earlier twin studies, a high
heritability of VO2max, with genetic influence being mainly additive and environmental influence
being non-shared, and without evidence for a major impact of genetic dominance of shared
environment.

In sharp contrast with these results and conclusions is the work of Bouchard and associates (3),
who reported much lower heritabilities for maximal aerobic power. In their much-quoted study,
they reported a heritability estimate for VO2max of 40%. The intraclass correlation for MZ, DZ,
and brothers was 0.70, 0.51, and 0.41, respectively. Considering the higher correlation observed
in DZ twins in comparison to brothers, the authors hypothesized that the heritability estimate of
40% was probably inflated by shared environmental conditions, and a h2 of about 10% seemed to
them more realistic. They stated that genetic variance of VO2max is perhaps not even statistically
significant. In support of this contention, they cited some twin studies suggesting that VO2max

was little or not influenced by the genotype. However, in these cited studies, the researchers
admit that there was no special control required by the twin model. A striking example is the
twin study of Howald (17), who found in his small twin sample no inheritance component
involved in the phenotypic variation of VO2max. On the other hand, when he excluded from the
analysis of his data two pairs of MZ twins, who had been exposed to contrasting environments—
the co-twins engaged in intensive endurance training—the genetic variance reached 68%. Hence,
results of twin studies where methodological considerations of the twin model are ignored must
be viewed with much caution. Finally, it should be noted that Bouchard and co-workers (8),
more recently in the HERITAGE Family Study, measured VO2max on a cycle ergometer in 429
sedentary individuals (170 parents and 257 of their offsprings), aged between 16 and 65 years,
and reported heritabilities for VO2max ranging from 51% to 59%, depending on the type of
adjustment performed (age, sex, body mass).

Genetic Variation of Other Phenotypes
A summary of twin research on h2 of major performance determinants is presented in Table 1.
Besides maximal aerobic power, h2 are reported from several twin studies for aerobic and
anaerobic capacity, maximal mechanical power and muscle force, body mass index, somatotype,
maturation, muscle area, and muscle fiber distribution.



A significant genetic variance has been assessed for aerobic capacity on the basis of either the
total work output during a non-stop 90-min maximal ergocycle test, or the lactacid anaerobic
threshold. Using the former method of assessment, Bouchard et al. (3) found intraclass
coefficients of 0.82 and 0.45 for MZ and DZ twins, respectively, and a h2 of 72%. These findings
concur with those obtained in our laboratory, where the anaerobic threshold, defined as the
running speed on the treadmill corresponding to a blood lactate concentration of 4 mmol · L, was
determined in MZ and DZ twins. The resemblance in the two types of twins was reflected in the
intraclass coefficients, which were respectively 0.83 and 0.54, as well as in the h2, which was
80% (23). Thomis et al. (40) used genetic model analysis to quantify genetic and environmental
contributions to individual differences observed in maximal isometric strength of elbow flexors
and its key determinants. They reported heritability estimates of 66% to 78% for maximal
isometric torque, 84% to 86% for limb-segment length, and 92% for muscle cross-sectional area.
They concluded that the observed variation in isometric strength, body dimensions and muscle
area is highly genetically determined. These observations support earlier twin findings reported
by Kovar (27), Orvanova (31), Komi, Klissouras, and Karvinen (25), Jones and Klissouras (18),
and Herskind et al. (16).

The scatter of h2 in most twin studies and for most phenotypes shown in Table 1 is limited.
Taken together these studies converge on the conclusion that not only are genetic influences
significant, but they are also substantial, accounting for the greatest part of individual differences
in most phenotypes. The vastly different h2 reported for muscle fiber distribution, ranging from



almost zero to almost 100%, caution for the appropriate and rigorous application of the twin
model.

3. Relative Power of Nurture
Genes Are Not Destiny
High h2 obtained for some biological determinants of physical performance, have been
overinterpreted to mean that peak human performance is genetically determined. However, a
high h2 only indicates that observed individual differences in a given attribute are largely
credited to genetic differences and are highly predictable. The h2 of an attribute may be high and
still the attribute may be modified by environmental manipulation or intervention.

The development of a phenotype reflects the effects of genes as well as those of epigenetic
influences. Apparently, no genes can operate in a vacuum nor can phenotypes develop without
the action of environmental forces. A highly heritable phenotype does not mean that it is
unaltered, fixed, and predetermined. Genes are not-quite-destiny. Genetic dependence does not
exclude environmental influences.

Genotypes Set a Limit to Phenotypes
Training cannot modify a phenotype, beyond a limit set by the genotype. In one co-twin study,
we tested a pair of identical twins of 21 years of age—an athlete and his identical sedentary
brother (21). The trained twin had marked adaptations in metabolic, cardiac, and muscular
functions. For example, he had almost 40% higher VO2max and 70% higher blood lactate
concentration after maximal exercise than his untrained brother. The most striking observation,
however, was not the percent VO2max but the absolute values. The untrained twin had a value of
35 ml · kg–1 · min–1, whereas his trained brother had a mean value of only 49 ml · kg–1 · min–1,
which is comparable to average values. This observation strongly suggests that vigorous athletic
training can produce results only within the variability allowed by the genotypes and cannot
contribute beyond a ceiling set by the genotype.

Actualization of Genetic Potential
Superior performers are endowed with high genetic potential for their specific sport. Genetic
potential is not a passive possibility but an active disposition, actualized through hard, prolonged,
and prodigious effort. Training will never erase individual differences that are due to innate
ability; training can exert its profound effect only within the fixed limits of heredity. The
realization of the genetic potential does not occur instantly. As Bronfenbrennen and Ceci (10)
eloquently put it, “This dynamic potential does not spring forth full-blown like Athena out of
Zeus’ head from a single blow of Vulcan’s hammer. The process of transforming genotypes into
phenotypes is not so simple or so quick.”

It is true that a talented athlete, endowed with superior natural ability, may manifest high
performance with a minimal amount of practice or without environmental support but eminent
achievement cannot be accomplished without a high level of appropriate deliberate practice (12).
Deliberate effortful practice is a prerequisite for the actualization of the athlete’s genetic
potential. If the environmental forces were optimized, the only decisive factor to peak human
performance would be the genotype.



Personality Traits
Though genes and training may set the biophysical limits to human performance—and the
prerequisites to enter, metaphorically speaking, the gate of the Olympic Stadium—personality
traits determine the ultimate frontiers of human performance. In this respect a co-twin study of
Olympic athletes is revealing (19). An Olympic gold medallist in a 20-km competitive walking
race and his identical twin brother, also an Olympic athlete in the same event but with inferior
performance, were tested in order to obtain some further insight into the relative importance of
genetic factors in modulating athletic excellence. Both twins had undergone the same strenuous,
long-term training for 19 years (since the age of 15) under the guidance of the same coach. An
assessment of their bio-behavioral profiles at 40 years of age (i.e., 7 years after they ceased
training) revealed that intrapair differences were negligible in physiological attributes but
divergent in measured personality traits (Table 2). On the basis of these findings, it may be
suggested that although genetic constitution and years of physical training are prerequisites for
making an Olympic athlete, success may be largely influenced by personality traits.

Are Olympic Athletes More Sensitive to Training?
It appears from the proceeding discussion that Olympic athletes are endowed with superior
genetic potential that, when actualized with appropriate training, is expressed with sport-specific
phenotypes determinants of superior performance. It has been postulated that in addition to
superior genotypes, Olympic athletes possess a higher sensitivity to training (5). This postulate
was based on the observation that 10 MZ twin pairs submitted to endurance training demonstrate
a close intrapair resemblance in the magnitude of change in VO2max (r = 0.74) and that the
variation in training response was six to nine times larger between pairs than within pairs (35).
However, in other co-twin training studies, the intraclass coefficient for aerobic and anaerobic



power was considerably lower (9, 15), or the contribution of genotype-training interaction to the
total variance was negligible (42), while in the HERITAGE Family Study the correlation
between VO2max and the VO2max change response to training ranged from 0.03 to –0.16 (2).
Neither was there any evidence of genotype-training interaction for muscle cross-sectional area
(41) nor key enzyme activity and fiber type composition of human skeletal muscle (36). In
addition, sedentary individuals were used as subjects in all these studies, and hence the focus had
been centered on the etiology of individual differences in the normal range of the distribution
curve and can hardly be applied to athletes of the upper end of the distribution. Furthermore and
most important, reanalysis of Prud’ Houme’s data (35) by separating the twins into distinct
categories, those with a low and those with a high genotype, shows that the improvement of
VO2max is almost identical in both groups (23). In short, scrutinization of the available evidence
does not support the contention that trainability of VO2max is genotype-dependent, nor does it
warrant the inference that superior athletes are more sensitive to training.

4. Concluding Remarks
It is clear that there is still much work to be done to broaden our understanding of the interplay
of nature and nurture in determining adaptive variation in human beings. Further research will
undoubtedly face the challenge of the marvelous advancements of molecular biology and apply
the new methodologies of the measured-genotype approach for gene mapping and analysis of
DNA sequence, for specifying the polymorphic genes accounting for the heritability of
phenotypic variance.

Yet, the classic method of quantitative genetics using twins, and particularly twin athletes,
provides the basis for a general theory of the etiology of individual differences in human
performance. They offer a unique and powerful method of addressing the question of genetic
causation or non-genetic transmission, enabling us to refute or falsify, in a Popperian sense, the
null-hypothesis that genetic factors do not explain biological variability in human performance.
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