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DETERMINANTS OF VARIATION IN ADULT
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Summary. Final body height is achieved as the result of a combination of
genetic and environmental factors. The aim of this article is to review past
studies on body height that have followed different scientific traditions. In
modern Western societies, about 20% of variation in body height is due to
environmental variation. In poorer environments, this proportion is probably
larger, with lower heritability of body height as well as larger socioeconomic
body height differences. The role of childhood environment is seen in the
increase in body height during the 20th century simultaneously with the
increase in the standard of living. The most important non-genetic factors
affecting growth and adult body height are nutrition and diseases. Short
stature is associated with poorer education and lower social position in
adulthood. This is mainly due to family background, but other environmental
factors in childhood also contribute to this association. Body height is a good
indicator of childhood living conditions, not only in developing countries but
also in modern Western societies. Future studies combining different scientific
traditions in auxology are needed to create a more holistic view of body
height.

Introduction

When studying variation in adult body height, both systematic and unsystematic
components are apparent, with most of the variation appearing to be unsystematic.
Because short and tall people exist in all age and social groups, it is impossible to
conjecture anything on an individual level based on stature. At a population level,
however, clear systematic variation can be found. For example, today’s adults are
taller than their parents. As genetic factors are unlikely to explain this difference, the
contribution of environmental factors needs to be explored. Body height may, in turn,
yield information about the communities being studied and can be used as an
indicator of early life experiences, including fetal conditions as well as living
conditions in childhood (Nyström Peck & Lundberg, 1995; Silventoinen, 2000).

A specific feature of auxology is that it comprises several traditions that have
limited interaction. The main underlying difference between these traditions is a
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scientific background in social or natural sciences. However, the traditions have also
differences in whether they stress systematic or unsystematic variation in body height
and whether the scope of the research is at an individual or a population level. At
least three traditions can be distinguished. First, an enormous number of studies exist
where body height differences have been examined by socioeconomic factors. The
theoretical background of this tradition is mainly in social sciences, and it stresses the
systematic variation of body height. Typical of this tradition is that it largely ignores
the interpretation of these differences, i.e. specific factors explaining the differences are
not examined. Second, as body height is a good example of polygenetically heritable
characteristics, it has been studied since the beginning of the 20th century in
population genetic studies (Pearson & Lee, 1903). Many twin and family study
designs have been used to estimate the relative proportions of genetic and environ-
mental variation in body height. These studies have examined the unsystematic
variation of body height but have usually not speculated on how the environmental
part of the variation could explain the systematic differences found in society. Third,
studies exist where the effects of specific environmental factors, such as nutrition and
diseases, on growth have been investigated. These studies have mainly followed the
biomedical tradition, disregarding all social factors. Contrary to the first and second
traditions, the scope of this third tradition is at the individual level.

The aim of this review is to systematize current knowledge based on previous
studies following the above three traditions and form a more coherent picture of the
factors underlying the variation in body height. First, the kinds of systematic body
height differences that exist in societies are reviewed. Then, earlier twin and family
studies to estimate the relative proportions in the variation of body height due to
genetic and environmental factors are reviewed. The most important factors explain-
ing the environmental part of the variation and systematic body height differences in
society, and how genetic factors may modify the effect of the environment on final
body height, are then examined. Finally, how current knowledge of the effects of
genetic and environmental factors helps us to understand variation in body height is
summarized, and guidelines as to how these three traditions could be integrated in
future studies are provided.

Systematic variation in body height

The most universal of the systematic features are a secular trend towards increased
body height and socioeconomic variation in body height. During the 20th century
average body height has increased throughout industrialized populations, including
the Nordic countries (Brundtland, Liestøl & Wallø, 1975, 1980; Nyström Peck &
Vågerö, 1987; Proos, 1993; Liestøl & Rosenberg, 1995; Silventoinen, 2000), other
European countries (Terrenato & Ulizzi, 1983; Kuh, Power & Rodgers, 1991; Tanner,
1992; Weber et al., 1995; Hauspie, Vercauteren & Susanne, 1997; Hughes et al., 1997;
Castro et al., 1998; Bielicki & Szklarska, 1999; Padez & Johnston, 1999), North
America (Gordon-Larsen, Zemel & Johnston, 1997; Hoppa & Garlie, 1998; Freedman
et al., 2000) and Japan (Murata & Hibi, 1992; Kouchi, 1996). A similar secular trend
is also seen in poorer countries and populations such as South Africa, which includes
people of both European and African ancestry (Henneberg & Berg, 1990), Brazil
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(Monteiro, Benicio & Gouveia, 1994) and Canadian Inuits (Shephard & Rode, 1995).
This increase has been continuous and regular throughout the 20th century, with the
exception of a decreasing trend during the two World Wars (Tanner, 1992; Liestøl &
Rosenberg, 1995).

Besides differences between birth cohorts, socioeconomic differences in body
height are substantial; people in higher socioeconomic positions tend to be taller than
those in lower positions. Marmot (1995) reported that among male and female
London civil servants the average body height in the lowest position was about 5 cm
shorter than among those in the highest position. Walker, Shaper & Wannamethee
(1988), in turn, found a 6 cm difference between working-class and professional
middle-aged British men. Similar associations have also been identified for body
height and education in the Netherlands (Mackenbach, 1992), Norway (Meyer &
Selmer, 1999), Finland (Silventoinen, Lahelma & Rahkonen, 1999) and Poland
(Pawlowski, Dunbar & Lipowicz, 2000).

The socioeconomic differences in adulthood are probably mainly due to social
background. Socioeconomic position of the family has been identified as being
positively associated with the stature of children. The most frequently used indicator
is father’s social position, but the association is also found for father’s and mother’s
education and family income in studies in developing (Singh & Harrison, 1997; Bégi,
Frongillo & Delisle, 1998) as well as developed (Goldstein, 1971; Rona, Swan &
Altman, 1978; Kuh & Wadsworth, 1989; Gulliford, Chinn & Rona, 1991; Cernerud
& Elfving, 1995) countries. The social position of the family is likely to be associated
with nutrition, especially when the average nutritional state of the population is poor.
Mothers’ education may also be associated with maternal care, as educated mothers
are more aware of improved methods of care and better treatment of diseases. A
finding in two studies in developing countries (Vella et al., 1994; Liu, Jalil & Karlberg,
1998) indicates that mother’s low education is a better predictor of stunted growth of
a child than father’s low education.

However, body height has also been found to be associated with social mobility,
i.e. the difference between father’s social class in childhood and one’s own social class
in adulthood. Several studies (Illsley, 1955; Bielicki & Charzewski, 1983; Bielicki &
Waliszko, 1992; Nyström Peck, 1992; Bielicki & Szklarska, 1999; Blane, Davey Smith
& Hart, 1999) have shown that tall people have a higher probability of being
upwardly mobile. Similar associations have been found for education (Cernerud,
1995; Bielicki & Szklarska, 2000). Silventoinen, Kaprio & Lahelma (2000a) found that
the association between body height and education in Finland is mainly due to factors
associated with family background, but other environmental factors also have an
effect. Interestingly, a positive correlation has also been demonstrated between body
height and intelligence (Humphreys, Davey & Park, 1985; Teasdale, Owen &
Sørensen, 1991) as well as cognitive function (Abbott et al., 1998).

Differences in childhood living conditions probably explain most of the differences
found between birth cohorts and social classes. The role of the increasing standard of
living behind the secular trend in body height is strongly supported by it being closely
aligned with an increasing trend in national gross product (Floud, 1985; Fogel, 1993;
Harris, 1994; Komlos, 1995; Steckel, 1995), as well as a decreasing trend in infant
mortality (Schmidt, Jørgensen & Michaelsen, 1995) and menarche age (Hauspie,
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Vercauteren & Sussanne, 1996). Increased genetic mixing (van Wieringen, 1986) and
imprinting during fetal life (Pembrey, 1996) have also been suggested to contribute to
the secular trend in body height. However, little empirical evidence is available about
the importance of these factors. Nevertheless, it seems obvious that the secular trend
in body height is largely due to the dramatic improvement in the standard of living
during the last century.

Further, differences in childhood conditions are likely to explain most of the
socioeconomic differences in body height. Path analyses of Sudanese infants (Brush,
Harrison & Zumrawi, 1993) revealed indirect effects of social factors on growth.
Mothers’ occupational status, income of the family and weaning age had effects on
the health of infants, and thus on growth. Large family size and overcrowding have
been found to be associated with short stature in both developed (Topp et al., 1970;
Rona et al., 1978; Kuh & Wadsworth, 1989) and developing (Christiansen, Mora &
Herrera, 1975; Liu et al., 1998) countries, and these associations may partly explain
the socioeconomic variation in body height. Interestingly, body height is reported to
increase with parity, with the body height of later-born children being close to that
of children in small families (Grant, 1962; Moyes, 1981). Just the birth of subsequent
children appears to have a negative impact on the growth of a child. This suggests
that in addition to a lower standard of living in large families and a higher rate of
infections, maternal care in early childhood may be an important explanatory factor.

One might expect that as the overall standard of living has increased during the
20th century a decrease in environmental variation would occur. Some evidence does
exist that body height differences associated with social background have diminished,
while average body height has increased. In Denmark, Teasdale, Sørensen & Owen
(1989) found that the association between body height and education had weakened
after the Second World War with the concomitant rise in the standard of living. The
narrowing trend can also be seen in Great Britain, where time series are available on
body height differences between upper- and manual-class children from the beginning
of the 19th century (Floud, Watcher & Gregory, 1990). The rate of this narrowing is
likely to vary between countries. In Sweden, the difference by childhood socioeco-
nomic group has been gradually disappearing since the Second World War (Nyström
Peck & Vågerö, 1987), but a marked difference may still exist in other countries
(Macintyre, 1988). In Europe, body height differences between countries have
remained fairly similar (Schmidt et al., 1995; Cavelaars et al., 2000), although in one
study (Silventoinen et al., 2001b), a narrowing in the gap of mean body height
between Finland and Sweden has been found.

Heritability of body height

Before specific factors underlying the systematic variation of body height can be
examined, the proportion of genetic factors affecting the variation of body height
must be studied, i.e. the heritability of body height. It is well known that human
growth is a polygenic process. Numerous genes have been found to be associated with
growth disorders, and it is likely that these genes also affect final body height at the
population level (OMIM, 2001). Moreover, the sex chromosomes are assumed to have
a crucial role in growth. The effect of the X chromosome can be observed in the
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growth retardation in Turner’s syndrome (Ellison et al., 1997). The sex difference in
mean body height, as well as the higher stature of XYY boys as compared with XY
boys, further suggest that the Y chromosome may also include genes affecting body
height (Ogata & Matsuo, 1992; Ratcliffe, Pan & McKie, 1992). A sex-related genetic
factor for growth and body height has been found in previous studies (Phillips &
Matheny, 1990; Byard, Guo & Roche, 1993), but inconsistent findings have also been
reported (Byard, Siervogel & Roche, 1983; Dasgupta, Dasgupta & Daschaudhuri,
1997; Silventoinen et al., 2001a).

Differences in growth curves have been found between ethnic groups, indicating
the role of genetic factors (Eveleth & Tanner, 1976; Marshall, 1981; Eveleth, 1986;
Rona & Chinn, 1986; Ulijaszek, 1994). African-origin populations in Europe and the
USA reach a higher final body height than Caucasian populations when body height
is adjusted for social position. In contrast, the mean stature of the Asian population
has been found to be lower than that of the Caucasian population, possibly associated
with the earlier occurrence of the adolescent growth spurt in the former (Murata &
Hibi, 1992). In meta-analyses of European and US growth studies, Hermanussen
et al. (1998) found no major differences in growth patterns between populations in
these countries and that the patterns have remained fairly similar during the 20th
century despite a striking increase in mean body height.

The heritability of body height can be estimated by using twin or other suitable
family data sets. Table 1 summarizes the results of previous twin studies. The
heritability estimates have been re-computed from the correlations by using linear
structural equations (Neale & Cardon, 1992). A close review of the previous studies
revealed, however, many problems in data collection. Clearly unacceptable data
collection, i.e. advertisements in newspapers and on television, was used in two studies
(Shields, 1962; Huntley, 1965). In most of the other studies, problems centred around
creating a sample frame, and only four studies (Husén, 1959; Stunkard, Foch &
Hrubec, 1986; Silventoinen et al., 2000b, 2001a) gave a response rate. The lack of a
sample frame does not necessarily mean poor data quality. For instance, if all families
in a certain geographical area are taken into account, the sample may not be biased.
However, in most of the studies, the sample protocol was not fully described, and
thus it is not possible to appreciate the quality of the data. Especially suspicious is
that in many studies the number of monozygotic (MZ) twins is larger than the
number of dizygotic (DZ) twins. This shows that the response rates have been higher
among MZ twins and suggests that the response rates among DZ twins may be
biased. If, for example, the most similar of DZ twins responded, the DZ correlation
would be higher than it should be, and thus heritability would be underestimated.

The first accurate twin study was done for Swedish conscripts (Husén 1959), and
the heritability estimate in this study was 0·60 (95% CI 0·50–0·71). A higher
heritability was found for US men (0·80, 95% CI 0·74–0·86) by Stunkard et al. (1986)
and for Finnish men (0·77, 95% CI 0·73–0·82) and women (0·76, 95% CI 0·71–0·80)
by Silventoinen et al. (2000b). Heritability estimates were slightly lower in another
Finnish study for adolescents 18 years of age (0·76, 95% CI 0·63–0·90 in men; 0·64,
95% CI 0·52–0·77 in women) (Silventoinen et al. 2001a). If the results of these four
studies are compared with the other studies in Table 1, no systematic differences are
present. Heritability estimates in most of the studies have varied between 0·4 and 0·9.
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Table 1. Correlations within twin pairs and heritability estimates of body height in
twin studies

Country
Year of data

collection
Age

(years) Sex/type N r h2 (95% CI)

Swedena (Dahlberg, 1926) 1923 3–80 Male MZ 44 0·99 0·16
Male DZ 37 0·91 (0·09–0·26)
Female MZ 49 0·99 0·40
Female DZ 54 0·79 (0·26–0·58)

Great Britainb (London; 1925–1927 3–15 MZ 55 0·93 0·88
Stocks, 1932) DZc 51 0·49 (0·53–1·00)

USAa (Chicago; Newman 1926 8–18 MZ 50 0·93 0·56
et al., 1937) DZc 50 0·65 (0·32-0·88)

Sweden (Husén, 1959) 1948–1952 19–21 Male MZ 266 0·89 0·60
Male DZ 510 0·59 (0·50–0·71)

Great Britain (Shields, 1962) 1954–1958 9–59 Female MZ 29 0·94 0·94
Female DZ 16 0·44 (0·61–1·00)

Finland (Takkunen, 1964) 1957 37–46 Male MZ 75 0·90 0·40
Male DZ 74 0·70 (0·22–0·63)

Great Britain (Huntley, 1965) — 5–15 MZ 85 0·90 0·66
DZc 135 0·57 (0·47–0·89)

Japan (Furusho, 1969) 1952–1969 17 Male MZ 51 0·92 0·18
Male DZ 9 0·83 (0·01–0·68)
Female MZ 51 0·95 0·26
Female DZ 11 0·82 (0·04–0·67)

USA (NE Georgia; Osborne — 11–22 MZ 13 0·88 0·40
1970) DZc 6 0·68 (0·01–1·00)

Brazil (Da Rocha et al. 1972) — 13–26 Male MZ 21 0·97 0·97
Male DZ 22 0·42 (0·65–1·00)
Female MZ 27 0·98 0·70
Female DZ 29 0·63 (0·37–1·00)

Sweden (Fischbein, 1977) 1966 18 Male MZ 26 0·93 0·78
Male DZ 39 0·54 0·42–1·00

16 Female MZ 21 0·94 0·40
Female DZ 35 0·74 0·18–0·70

Great Britain (Hawk & — Adults Male MZ 29 0·94 0·74
Brook, 1979) Male DZ 46 0·57 (0·43–1·00)

Female MZ 20 0·86 0·86
Female DZ 45 0·37 (0·60–1·00)

Indiab (Punjab; Sharma et al. — 3–19 MZ 88 0·98 0·78
1984) DZ 200 0·59 (0·63–0·95)

Indiab (Andra Pradesh; — — MZ 44 0·95 0·54
Byard et al. 1985) DZ 64 0·68 (0·34–0·79)

USA (Stunkard et al. 1986) 1974 47–57 Male MZ 1974 0·91 0·80
Male DZ 2097 0·51 (0·74–0·86)

Continued
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Table 2 summarizes the sibling correlations of body height in previous family
studies. The earliest estimates are by Pearson & Lee (1903), who report on family data
from Great Britain. They found that brother, sister and brother–sister correlations
were around 0·5. The heritability for body height in this data set was later estimated
to be 0·79 (Crow & Kimura, 1970). Other correlation estimates for siblings based on
relatively large data sets were from the United States (0·34; Garn, Cole & Bailey,

Table 1. Continued

Country
Year of data

collection
Age

(years) Sex/type N r h2 (95% CI)

China (Wang et al. 1990) 1989 7–12 MZ 75 0·95 0·58
DZ 35 0·66 (0·30–0·95)

Great Britain (Hewitt et al. — 6–24 Male MZ 40 0·82 0·10
1991) Male DZ 40 0·77 (0·01–0·52)

Norwayb (Tambs et al. 1992) 1984–1986 20+ Male MZ 41 0·90 0·64
Male DZ 48 0·58 (0·34–1·00)
Female MZ 42 0·86 0·86
Female DZ 44 0·34 (0·63–1·00)

USA (Minnesota; Castro, — 27–50 MZ 109 0·96 0·34
1993) DZc 86 0·79 (0·22–0·48)

Japan (Ooki & Asaka, 1993) 1982–1991 11 MZ 220 0·94 0·84
DZc 57 0·52 (0·53–1·00)

Poland (Hauspie et al. 1994) 1967 18 Male MZ 74 0·96 0·54
Male DZ 74 0·69 (0·36–0·76)

USA (Minnesota; Carmichael — 18–38 Male MZ 121 0·86 0·86
& McGue, 1995) Male DZ 84 0·36 (0·70–1·00)

Female MZ 243 0·92 0·92
Female DZ 162 0·46 (0·81–1·00)

39–59 Male MZ 46 0·94 0·94
Male DZ 42 0·26 (0·71–1·00)
Female MZ 97 0·90 0·90
Female DZ 97 0·42 (0·74–1·00)

60–81 Male MZ 29 0·88 0·88
Male DZ 35 0·37 (0·61–1·00)
Female MZ 50 0·80 0·80
Female DZ 27 0·33 (0·55–1·00)

Finlanda (Silventoinen 1981 23+ Male MZ 1561 0·91 0·77
et al. 2000b) Male DZ 3592 0·51 (0·73–0·82)

Female MZ 1905 0·87 0·76
Female DZ 3858 0·50 (0·71–0·80)

Finland (Silventoinen 1993–1997 18 Male MZ 303 0·90 0·76
et al. 2001a) Male DZ 385 0·52 (0·63–0·90)

Female MZ 476 0·88 0·64
Female DZ 399 0·56 (0·52–0·77)

aAdjusted for age; badjusted for age and sex; csame-sex twins only.
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Table 2. Correlations within siblings and heritability estimates of body height in
family studies

Country
Year of data

collection
Age

(years) Type n r h2

Great Britain (Pearson & Lee, — 18+ Brother–brother 328 0·51 0·79
1903) Sister–sister 473 0·54

Brother–sister 1401 0·51
Great Britaina (Hewitt, 1957) — 1–5 Brother–brother 23 0·37

Sister–sister 27 0·72
Brother–sister 33 0·70

France (Schreider, 1961) — Adults Brother–brother 32 0·35
Great Britainb (Wales; Acheson 1954, 1956 — Brother–brother 108 0·56

& Fowler, 1967) Sister–sister 113 0·34
Malesia (McHenry & Giles, 1971) 1963, 1968 Adults Sibling–sibling 171 0·35
United States (Garn et al., 1973) — 10 Brother–brother 60 0·45

Sister–sister 40 0·71
Brother–sister 90 0·47

Guatemalaa (Russell, 1976) 1959–1964 3 Brother–brother 88 0·53
Sister–sister 93 0·44
Brother–sister 177 0·45

Columbia (Mueller, 1977) 1973 Adults Brother–brother 50 0·63
Sister–sister 34 0·36
Brother–sister 50 0·42

Africab (West; Roberts et al., 1949–1975 16–19 Brother–brother 114 0·43
1978) Sister–sister 115 0·33

USA (Garn et al., 1979) 1969–1970 — Sibling–sibling 8860 0·34
Canada (Montreal; Bouchard, 1980) — 10 Sibling–sibling 208 0·53
USA (Philadelphia; Mueller & — 6–12 Brother–brother 52 0·52

Malina, 1980) Sister–sister 49 0·49
Brother–sister 109 0·46

India (Kaur & Singh, 1981) — 18–39 Brother–brother 42 0·24
Sister–sister 32 0·24 0·55
Brother–sister 84 0·23

Finland (Solomon & Thompson, 1983) 1973–1975 — Sibling–sibling 477 0·36
Indiab (Punjab; Sharma et al., 1984) — 3–19 Sibling–sibling 151 0·30
Indiab (Andra Pradesh; Byard et al., 1985) — Adults Sibling–sibling 113 0·46
Brazilb (Province & Rao, 1985) — — Sibling–sibling 2789 0·35
Caribeaa (St Vincent Island; 1979, 1982 18+ Brother–brother 22 0·28

Hutchinson & Byard, 1987) Sister–sister 82 0·42
Brother–sister 82 0·41

USA (Fels; Byard et al., 1988) 1986 18 Brother–brother 60 0·33
Sister–sister 128 0·47
Brother–sister 128 0·37

Continued
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1979), Brazil (0·35; Province & Rao, 1985) and Norway (about 0·46; Tambs et al., 1992).
In Norwegian data, sibling correlations for brother–sister pairs were slightly lower than
for same-sex pairs. In other studies, no systematic differences in body height correlations
were found between brothers, sisters or opposite-sex pairs. This suggests that no
sex-related genetic factors are present in the variation in body height. Thus, the genes in
the Y chromosome may only increase the mean body height, while not affecting the
variation in body height. Sibling correlations in Table 2 were slightly lower than DZ
correlations in Table 1, possibly indicating an inadequate age-adjustment in many
familial studies or the greater influence of a shared environment among twins.

Table 3 presents body height correlations in published adoption studies. Corre-
lations between biological relatives were invariably much higher than correlations in
foster families, indicating a strong genetic component in body height. However, these
studies were based on small data sets, and thus give little information on the
heritability of body height.

In sum, previous studies have suggested that the heritability of body height is
about 0·8, although lower estimates also exist. However, despite extensive study, only
a few twin studies can be found which contain no problems in the data sample.

It is likely that the heritability of body height is not a constant factor. In a meta-
analysis, Mueller (1976) compared parent–child correlations for body height in 24 studies.
He found that correlations were higher in European than non-European countries,
probably due to differences in environmental factors. Lauderdale & Rathouz (1999) found
that among brothers mustered into the Union Army of the US Civil War the correlation
decreased and variation increased with increasing county population. A negative corre-
lation was found between mean body height and county population, suggesting that
environmental variation is larger in poorer environments. The lower heritability of body
height in poor environments is also suggested by Silventoinen et al. (2000b), who found
that the heritability of body height increased in Finland during the first half of the 20th
century simultaneously with the improvement in the standard of living. In Tables 1–3, no
systematic differences in correlations between birth cohorts or countries were seen.
However, this may be due to poor data quality in many of these studies.

Table 2. Continued

Country

Year of
data

collection
Age

(years) Type n r h2

Mexicoa (Little et al., 1990) 1978 6–13 Brother–brother 44 0·36
Sister–sister 44 0·34
Brother–sister 110 0·11

Norwayb (Tambs et al., 1992) 1984–1986 20+ Brother–brother 6016 0·47
Sister–sister 3869 0·46
Brother–sister 9283 0·44

Spaina (Rebato et al., 1997) — 15+ Sibling–sibling 238 0·48

aAdjusted for age; badjusted for age and sex.
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Effect of environmental factors

Nutrition and diseases in childhood are usually regarded as the main factors affecting
body height. The effect of undernutrition on body height may already start during
fetal life. In a clinical trial in East Java, pregnant women received either high or low
caloric supplementation during the last trimester of pregnancy. Newborns were
heavier (Kardjati, Kusin & De With, 1988) among the women with the high caloric
supplement than among those with the low caloric supplement, and they were taller
by the end of a 5-year follow-up (Kusin et al., 1992). In contrast, Stanner et al. (1997)
did not find that adult body height of those who had been exposed to intrauterine
starvation during the siege of Leningrad in 1941–1944 was any shorter than that of
an unexposed control group. In a Dutch Famine Study (Susser & Stein, 1994), an

Table 3. Familial correlations of body height in adoption studies

Country
Year of data

collection
Age

(years) Type n r

USAa (Newman et al., 1937) — — MZ apart 19 0·89
USA (Shields, 1962) 1954–1958 8–59 Male MZ apart 15 0·82

Female MZ apart 29 0·82
USAa (Michigan; Garn et al., 1959–1969 15–18 B father–son 206 0·27

1976) A father–son 26 �0·18
B mother–son 238 0·43
A mother–son 15 0·10
B father–daughter 203 0·44
A father–daughter 38 0·39
B mother–daughter 247 0·49
A mother–daughter 21 �0·07

Canadab (Annest et al., 1983) 1972–1974 1–10 B father–child 127 0·34
A father–child 334 0·10
B mother–child 127 0·43
A mother–child 334 0·08
A sibling–A sibling 119 0·08
A sibling–B sibling 54 0·16
B sibling–B sibling 47 0·37

Denmark (Teasdale & Owen, 1956–1965 18 Full siblings apart 28 0·27
1984) Half-siblings apart 64 0·20

Unrelated reared together 24 0·03
Finland (Langinvainio et al., 1975, 1979 — Male MZ apart 13 0·89

1984) Male DZ apart 33 0·34
Female MZ apart 16 0·71
Female DZ apart 54 0·17

Swedena (Pedersen et al., 1984) 1961, 1973 — MZ apart 111 0·82
DZ apart 278 0·62

A=adoptee relationship; B=biological relationship.
aAdjusted for age.
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increasing trend in body height was found for 19 year olds from the cohort born one
year before the famine as compared with that born one year after the famine,
suggesting that body height is responsive to the postnatal environment. However, no
differences were found between those who had been exposed to famine during
pregnancy and the others, indicating that the prenatal environment has no obvious
effect on adult body height.

The role of postnatal nutrition in growth is well documented: for example, in
studies of supplementary programmes in developing countries (Beaton & Ghassemi,
1982). Among single nutrients affecting growth, protein is probably the most
important. Many experimental studies have investigated the effect of protein on
growth (Zerfas, 1986; Allen, 1994), the first being conducted as early as 1928 (Orr;
1928; Leighton & Clark, 1929), when supplementary milk was found to be associated
with higher growth velocity among schoolchildren in England. In developing
countries, protein deficiency is recognized to be one of the main contributors to the
stunting of growth in infants (Martorell & Habicht, 1986).

Minerals and vitamins A and D may also influence growth. Numerous interven-
tion studies have established that calcium, phosphorus, magnesium, zinc and iron
have an effect on human growth (Allen, 1994; Prentice & Bates, 1994). However, in
most cases, mineral amounts are so close to biological requirements, even in
developing countries, that any supplementary minerals have only a minor impact on
growth. Vitamin D is essential for the absorption of calcium, and thus its deficiency
does have an effect on the mineralization of bones (Johnson & Kumar, 1994;
Wasserman & Fullmer, 1995), an especially difficult problem in northern regions due
to a shorter light period in winter-time (Belton, 1986). While the impact of vitamin
A on growth based on supplementary studies is unclear, and some negative results
have been found, vitamin A deficiency is a major health problem in many developing
countries (Humphreys et al., 1985; Allen, 1994; Fawzi et al., 1997; Smith et al., 1999;
Hadi et al., 2000).

Besides nutrition, childhood diseases are suggested to have an effect on growth. In
many cases, the effect of disease is intertwined with that of nutrition. Disease can
prevent food intake, impair nutrient absorption, cause direct nutrient losses, increase
metabolic requirements or catabolic losses and impair transport to target issues
(Stephensen, 1999). The associations between undernutrition and disease are likely to
be bidirectional; thus, diseases not only affect nutrition, but undernutrition also
predisposes to diseases (Victora et al., 1990; Walter et al., 1997). Moreover, some
medical treatments of diseases, such as corticosteroid use, retard growth (Pedersen,
2001). Inflammatory diseases have also been found to hinder the growth of long
bones (Skerry, 1994).

In developing countries, clear evidence exists about the effect of diseases on
human growth. While the impact of diarrhoea on slowed growth has frequently been
studied, pneumonia has been found to have similar effects on growth (Martorell
et al., 1975; Rowland, Cole & Whitehead, 1977; Victora et al., 1990; Brush, Harrison
& Waterlow, 1997). Both diseases seem to be associated with nutrition. An
interaction is clearly seen in a food supplementation study in Guatemala, where a
larger benefit was found among the children with a higher rate of diarrhoea (Ruel
et al., 1995). Decreased food intake is found in conjunction with diarrhoea as well
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as with other diseases (Martorell et al., 1980; Brown et al., 1990). This decreased
food intake may partly be due to apathy, but some traditional treatment methods
also encourage a decrease in nutrition during illness, especially in the case of
diarrhoea (Mata, 1992).

In developed countries, the association between diseases and growth is not as
strong as in developing countries. The prevalence of serious child diseases is much
lower than in developing countries and treatment methods are more advanced.
Furthermore, nutritional stress is rare and is not associated with diseases, unlike in
developing countries, where the poor economic situation and inadequate nutrition
are risk factors for disease (Brush, Harrison & Waterlow, 1993). Thus, the syner-
getic effect of poor nutrition and disease is not as pronounced in developed
countries.

In developed countries, the impact of asthma and diabetes on growth has been
well studied. Hauspie, Vercauteren & Susanne (1976) found that growth velocity was
somewhat slower among asthmatic children, but this gap disappeared in puberty. In
recent studies (Power & Manor, 1995; Neville et al., 1996; McCowan et al., 1998),
weaker evidence has been found in support of an association between asthma and
slowed growth. Some evidence exists that diabetes could be associated with a lower
growth rate (Tattersall & Pyke, 1973; Herber & Dunsmore, 1988; Thon et al., 1992;
Wise, Kolbe & Sauder et al., 1992). However, other studies have found no growth
delay or shorter stature to be present among diabetic children (Birkbeck, 1972;
Clarson, Daneman & Ehrlich, 1985; Caju, Rooman & Beeck, 1995).

Chronic diseases, including severe conditions such as congenital heart disease, are
likely to have an influence on growth as well as on final body height (Poskitt, 1993).
However, the prevalence of such diseases is so low that the effects of single diseases
are difficult to study. Kuh & Wadsworth (1989) found in Great Britain that those who
had had a serious disease in childhood were shorter than others. The difference was
about 2 cm for both men and women. Power & Manor (1995) found a similar 2 cm
difference between children who had experienced a serious disease and other children
in a longitudinal study in Britain.

To summarize, differences in protein input are important when explaining
environmental variation in body height in developing countries. The effect of diseases
on growth is also strong in developing countries, where diseases are typically
associated with nutritional deprivation. A major factor in the delay of growth is the
synergetic effect between poor nutrition and disease. In developed countries,
nutritional stress is not common and only the most serious diseases have a clear
impact on growth. Asthma and diabetes are not likely to be major factors affecting
environmental variation in body height.

Gene–environment interaction

Genetic and environmental factors do not act independently of each other, but rather
the genotype determines the response to the environment. This phenomenon is called
gene–environment interaction. In practice, gene–environment interaction is seen in
certain persons being genetically more sensitive to the effects of environment than
others (Plomin, DeFries & McClearn, 1997).
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Some evidence has been found for the effect of a sex–environment interaction on
growth (Stinson, 1985). Better buffering of women has been reported for stress caused
by many different factors such as nutrition (Stini, 1969), climate (Johnston, Borden
& MacVean, 1977) and psychosocial stress (Rudolf & Hochberg, 1990). Kuh et al.
(1991) have also found that body height has increased more rapidly among men than
women in England and Wales during the 20th century, which may indicate a stronger
impact of environmental factors on men at the beginning of the century. On the other
hand, Silventoinen et al. (2000b) found that heritability of body height increased in
Finland more among women than men during the first half of the 20th century,
contradicting the hypothesis of women having better resistance against environmental
factors.

The nature of the sex–environment interaction of body height is poorly under-
stood. However, parallel results have been obtained on sex differences in the state of
food deprivation. Women are more resistant against starvation, as seen in the reduced
loss of proteins and lower mortality. These differences probably result from
differences in metabolism. Possibly, the difference in buffering between the sexes is due
to different selection mechanisms that have evolved among men and women (Hoyenga
& Hoyenga, 1982). Nevertheless, most of the results are based on studies of adults,
and it is difficult to see how the sex differences manifest before puberty, when only
minor differences in body composition exist between boys and girls (Forbes, 1986).

Concluding remarks

While variation in body height is mainly due to genetic factors, environmental factors
also have a substantial effect. The environmental part of the variation is important as
it is likely to explain systematic body height differences in society. According to
previous studies, about 20% of the variation in body height is due to environmental
factors in the United States (Stunkard et al., 1986) and Finland (Silventoinen et al.,
2000b) after the Second World War. The proportion of the variation due to genetics
seems to be less important when environmental stress is strong. This is supported by
socioeconomic body height differences diminishing during the 20th century. However,
at least as interesting is that the differences between the proportions of genetic factors
are not very large when they are compared with the dramatic increase in mean body
height. This suggests that body height is very sensitive to environmental factors, and
this effect is not only seen when studying stunted growth but is also evident in the
tallest individuals.

Nutrition and diseases are universally the most important environmental factors
affecting growth and subsequent adult body height. In developing countries, the
influence of nutrition is well documented. The lack of protein is a particularly
important factor explaining slow growth rate and is also likely to explain systematic
body height differences in final body height. Diseases in developing countries are often
associated with nutritional deprivation. A major factor in the delay of growth would
thus be the synergetic association between poor nutrition and disease.

In developed countries, the influence of environmental factors on growth is less
obvious, as the general standard of living is higher. However, similar to developing
countries, the social environment during childhood in developed countries has
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contributed to adult body height. This is seen in the relative proportion of
environmental variation in the total variation of body height. This suggests that such
factors as overcrowding or an imbalanced diet are problems in affluent societies as
well. Thus, body height can also be used as an indicator of childhood living
conditions in affluent societies. However, environmental factors that are not associ-
ated with family background are also present. The results of large American and
Finnish twin studies (Stunkard et al., 1986; Silventoinen et al., 2000b) reveal that in
addition to family background non-familial environmental factors have substantial
effects on body height. A challenge for future studies is to determine which factors
underlie this non-familial environmental variation.

Body height is associated with social position in adult life. An obvious explanation
is that these associations reflect the role of the childhood environment. However, the
associations between body height and adulthood should be interpreted with caution.
The association between body height and social position is mainly, although not fully,
due to social background. Childhood family circumstances affect both achieved body
height and adult social position. However, environmental factors which are not
associated with family background, as seen in the association between social mobility
and body height, also exist. This suggests that a gene–environment correlation is present
in the association between social class and body height. Thus, distinguishing between
genetic and environmental factors may be more difficult than previously expected.

Guidelines for future research

Despite extensive study over the last century, the need for further knowledge on
determinants of adult body height remains. In a recent review, Rona (2000)
emphasized that a large portion of current auxological studies is based on aggregate
data, which provide limited evidence for causation. Therefore, more follow-up studies
are needed, with specific data on environmental factors such as nutrition. Studies
based on good twin data sets are also lacking. However, in addition to better data
sets and more sophisticated study designs, there is also a need for theoretically more
coherent studies that combine the different traditions.

Potential studies might include examining how differences in specific environ-
mental factors, such as nutrition and diseases, explain socioeconomic variation in
body height. While the general conclusion that socioeconomic body height differences
describe deprivation in childhood may be correct, it is only marginally relevant for
practical interventions. It is also possible that the role of specific factors varies
between societies. On the other hand, if the socioeconomic body height differences in
a certain region were known to be mainly due to a lack of protein, this information
could be used when considering supplementary food programmes.

A second important focal area is the interaction and correlation between genetic
and environmental factors. Genetic factors are known to have an effect on human
susceptibility to environmental stress. In addition, some studies exist on the different
effects of environmental stress on the sexes, but the results are controversial. A future
study might focus on the differences in the heritability of body height in different
social classes. These studies are needed to analyse gene–environment correlations in
the heritability of body height. Adaptation studies are also important, as they would
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provide the opportunity to study the interaction between genetic and environmental
factors. These studies could shed new light on the interactions between genetic, social
and environmental factors.

The current diversity in the traditions of auxology should not, however, be
regarded as a problem. Rather, it underlines what a multi-faceted phenomenon body
height is. Body height can be approached from a social or a biological point of view
and can be studied at either the individual or societal level. In the future, combining
of these separate traditions would yield a more holistic view of body height and may
also improve dialogue between natural and social sciences.
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