
Given the recent emphasis on the roles of genes in  
disease and evolution, we tend to forget that in the short 
run evolution is driven by differences in fitness among 
phenotypes, not genotypes. We can learn a lot about the 
speed and direction of evolution in humans by exam-
ining the transmission of phenotypes from one gen-
eration to the next. This focus on phenotypes contrasts 
with the attention recently paid to the signatures that 
selection has written in the human genome since our 
last common ancestor with chimpanzees1,2, and more 
recent signatures, as our genomes have responded to the 
domestication of plants and animals3–6 and the spread 
of agriculture7 — a fascinating area of research that is 
well reviewed elsewhere1,3,4,8–11. Less attention has been 
paid to the possibility that we are currently experiencing 
natural selection on our phenotypes and that its inten-
sity can be measured and used to predict responses 
(BOX 1). The phenotypic approach focuses on one of the 
three central mechanisms through which natural selec-
tion drives evolution: selection works on phenotypes; 
genomes record and transmit the intergenerational 
response to selection; and development determines 
the phenotypes that are presented to selection. This 
article reviews methods for measuring our phenotypic 
responses to contemporary natural selection.

Knowing that we are currently evolving and under-
standing our responses to selection changes our basic 
concept of the human condition from static to dynamic. 
This also reveals how our rapidly changing culture, 
particularly through its delivery of public health and 
medical care, is changing our biological nature. Such 
knowledge is important for both applied and basic 

research because of the insights it offers into short-term 
changes in the health and demography of human popu-
lations. Research on evolution in contemporary human 
populations could also change our understanding of the 
long-term implications of recent medical innovations. 
Medical practice and publicity about its results affect the 
direction and intensity of selection on traits of medical 
interest. An example is the decline in selection on cho-
lesterol level in the Framingham Heart Study between 
1950 and 1990 (REF. 12). The decline probably resulted 
from publicity about the effects of cholesterol on heart 
disease detected by that very study13.

Responses to contemporary selection can be esti-
mated using data from multigeneration clinical, demo-
graphic and epidemiological studies that have been 
assembled at great expense over many years (TABLE 1); 
however, much of this data has not yet been used to 
study natural selection. This missed opportunity is the 
result of historical and professional biases. Physicians 
and epidemiologists developed methods to understand 
risk factors for complex diseases, and evolutionary biol-
ogists focused primarily on non-human organisms and 
developed methods to measure selection on phenotypic 
traits and predict the responses to selection. Therefore, 
the medical community has been unaware of pheno-
typic methods for measuring selection and evolutionary 
biologists have been unaware of large, multigeneration 
studies. Because of the recent surge in interest in evo-
lutionary medicine, the two communities are just now 
starting to appreciate each other’s insights14. Here, we 
link the phenotypic methods used in evolutionary biol-
ogy to the medical and epidemiological data to illustrate 
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Abstract | Are humans currently evolving? This question can be answered using data on 
lifetime reproductive success, multiple traits and genetic variation and covariation in those 
traits. Such data are available in existing long-term, multigeneration studies — both clinical 
and epidemiological — but they have not yet been widely used to address contemporary 
human evolution. Here we review methods to predict evolutionary change and attempts to 
measure selection and inheritance in humans. We also assemble examples of long-term 
studies in which additional measurements of evolution could be made. The evidence 
strongly suggests that we are evolving and that our nature is dynamic, not static.
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Longitudinal study
An observational study in 
which individuals are followed 
for a long period of time,  
often many decades, and in 
which the same traits are 
measured repeatedly.

the insights that can be gained. First, we present a list 
of human data sets in which natural selection could be 
analyzed and identify a few that have already been used 
for this purpose. We then describe how to measure mul-
titrait evolution and discuss the special issues that arise 
in humans. We finish by reviewing previous studies 
that measured selection or genetic parameters and by  
drawing some conclusions.

The emerging picture is that selection is acting in 
post-industrial societies to reduce age at first repro-
duction in both sexes, to increase age at menopause 
in females and to improve traits such as total blood 
cholesterol that are associated with the risk of disease  
and mortality.

Sources of data
Large, long-term, multigeneration human data sets. 
The sources of human phenotypic data (TABLE 1) are well 
known to the medical and public health community but 
have been underused by evolutionary biologists. They 
include epidemiological studies designed to measure 
risk factors for diseases; demographic studies designed 
to explore social factors affecting health; national health 
and twin registers15 designed to document and ana-
lyze national health trends; and registers collected by 
churches and municipalities to monitor births, deaths 
and marriages.

Longitudinal studies are rich in phenotypic informa-
tion and are easily accessed but information on fertility, 
which is crucial for measuring selection (see below), 
is often missing. national health registers, a valuable 
source of information on disease phenotypes, can be 
accessed through local authorities. in some countries, 
personal identification numbers allow social, familial  
and biological information from various registers 
to be combined at the individual level. For exam-
ple, in 2005 the danish national Board of Health 
had more than 8 million people registered16 and had 
collected detailed health data since the mid-1970s, 

including births, deaths, abortions, disease and psychiatric  
diagnoses, pedigree data and information on birth 
defects. Sweden, norway, Finland, iceland and other 
developed nations keep similar records. Because most 
national health registers record visits to doctors, they 
usually do not report as complete and regular measure-
ments as do epidemiological studies. Parish registers 
have also been used in an evolutionary context17.

none of these data sets is perfect; in all of them some 
data are missing or measured irregularly. The most 
useful are those that record completed family size and 
attempt to measure traits repeatedly at regular intervals 
on all individuals in the population under study.

Measuring evolution
To estimate selection intensities on traits, one needs a 
measure of fitness, reliable measurements of traits and 
the phenotypic and genetic correlations among those 
traits for a large number of individuals in a single popu-
lation. Although acquiring molecular genetic data has 
become increasingly cheap and easy, getting equiva-
lent phenotypic data remains expensive and difficult. 
connecting genotypes to phenotypes is a top priority 
but to do so we need both the genetic and phenotypic 
levels to be described with similar detail and precision: 
we need a phenome to match the genome (BOX 2). The 
studies highlighted here are a starting point, as they 
describe at least part of the human phenome.

Measuring fitness. How best to measure fitness18 is an 
issue of more theoretical than practical consequence in 
modern human populations, in which most individuals 
survive from birth through the peak ages of childbearing.  
in such populations, fitness is reasonably approxi-
mated by completed family size (lifetime reproductive 
success; LRS)12, a measure that incorporates survival 
and reproduction. even in contemporary populations 
with moderately high mortality, the proportion surviv-
ing from birth to age 50 is so high that the number of 

 Box 1 | Why humans continue to evolve despite the many benefits of hygiene and modern medicine

Within a decade of the publication of On the Origin of Species, the misconception developed that modern hygiene and 
medicine have caused natural selection to stop working on human populations58. This was fuelled by another 
misconception: that selection operates only through differences in survival. We now know that natural selection on 
traits occurs whenever there is variation among individuals in fitness and in traits and when the variation in traits is 
correlated with the variation in fitness. A response to selection will then follow if some portion of the variation in the 
traits is heritable. A good proxy for fitness is lifetime reproductive success (LRS) or number of children per parent per 
lifetime. LRS has both a survival component — one must survive to reproduce — and a reproductive component. Good 
hygiene and medical care that reduce prenatal, infant and child mortality rates reduce the variation among individuals 
in the survival component but that does not eliminate natural selection, as substantial variation among individuals in 
the reproductive component remains. For example, consider an extreme case in which medical and public health 
measures were so good that everyone who was born survived to age 80. This would not eliminate natural selection, as 
individuals would still differ in their LRS and that variation would drive natural selection. The potential for natural 
selection only vanishes when all individuals have exactly the same reproductive success or when no trait is correlated 
with the variation in reproductive success that still exists. These states are unlikely ever to occur in any population.

The effect of culture on biology raises interesting issues. Birth control, assisted reproductive technology and the 
increased prevalence of late marriage and divorce complicate the evolutionary genetics of reproduction. These 
factors can be dealt with by regarding them as part of a changing environment that is changing selection intensities. A 
more fundamental solution awaits the development of methods of analyzing gene–culture co-evolution that can be 
applied to large, longitudinal human data sets.
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Pleiotropy
The action of a single gene  
on two or more distinct 
phenotypic characters.

Linkage disequilibrium
A measure of whether alleles at 
two loci coexist in a population 
in a nonrandom fashion; one 
common cause is that the loci 
are neighbours on the same 
chromosome and therefore do 
not recombine.

newborn per female per lifetime that survive childhood 
is a reasonable estimate of fitness (BOX 1). Reproductive 
success can be more reliably estimated for females 
than for males and data are often only collected from 
women. This restricts the study sample to women who 
have reached menopause or for whom there is another 
reliable way to conclude that they will not have more 
children. not all attempts to measure contemporary 
evolution have limited their sample this way (TABLE 1). 
counting the number of children or grandchildren that 
survive to reproduce would be an improvement but is 
rarely done. in cases in which the mothers’ ages at birth 
of all offspring are available, a fitness measure should be 
used that incorporates timing effects19.

Multiple traits and indirect effects on fitness. Traits 
have a direct correlation with fitness and indirect 
connections through their phenotypic correlations 
with other traits. Therefore, a trait can evolve simply 
because it is correlated with another trait that is subject 
to selection pressures. For example, high cholesterol 
levels are associated with obesity. if obesity is associ-
ated with reproductive success, then cholesterol levels 
will tend to evolve. The genetic correlations, caused 
by pleiotropy and linkage disequilibrium, are also needed 
because they affect responses to selection. in humans, 
both types of correlations can be affected by the cul-
tural transmission of behaviours such as diet, education  
and smoking.

Table 1 | Examples of clinical cohorts that could be used in evolutionary studies

study and data analysed Focus Origin sample size sex or 
cohort

Date 
initiated

Refs

The Framingham Heart Study

• LRS, births, deaths; genetic, cardiovascular, 
physiological and morphological traits; family and 
pedigree data

Cardiovascular 
disease 

USA ~14,000 Both sexes; 
three cohorts

1948 12

The Wisconsin Longitudinal Study

• LRS, birth year and sex of child, education, marital 
history, fertility; anthropometric, socioeconomic, 
family and pedigree data

General health USA ~10,317 5,326 women, 
4,991 men 
born 
1937–1940

1957 98,99

Medical Research Council studies in Gambia

• LRS, marriages, migration, health, mortality, height 
and weight

General health Gambia ~ 684 women,  
~ 500 men

Both sexes; 
different 
villages

1950 
(annually 
1950–1980)

43

The National Child Development Study

• LRS, fertility, height, occupation, education, health 
data, birth weights; obstetric, disability, medical and 
psychological assessments

Social, economic 
and health 
outcomes

Great 
Britain

~17,414 All children 
born in a 
single week  
in March 

1958  
6 sweeps 
to gather 
information

100

The Helsinki Birth Cohort Study Multidisciplinary 
epidemiological 
cohort

Finland ~13,345 Individuals 
born 
1934– 1944

1971 101, 
102

The Hutterite Study

• LRS, fertility, genetic, pedigree and family data, 
medication use and illness

Reproduction and 
fertility

USA Varies by study; 
>23,000 in 
population

Both sexes 1982 93, 
103

The Nurses’ Health Study*

• Reproductive history, family history, diet, 
physical activity, disease incidence, medication, 
psychosocial and physical data

Long-term effects  
of oral 
contraceptives 

USA First generation: 
~122,000 
Second generation: 
~117,000

Women 1976 

The Jackson Heart Study*

• Anthropometric, blood chemistry, genetic, 
inflammation and hormone data; reproductive 
history, family and pedigree data

Cardiovascular 
disease in 
African–Americans 

USA ~3,360 women, 
~1,941 men

Both sexes 2000 

Atherosclerosis Risk in Communities*

• Reproductive history; anthropometric, 
cardiovascular and socioeconomic traits

Atherosclerosis USA 15,792 (3 years) Both sexes 1987 

The Women’s Ischaemia Syndrome Evaluation Study*

• Reproductive status; demographic, clinical, 
symptomatic and psychosocial data (menarche, 
menopause, pregnancy)

Ischaemic heart 
disease in women

USA 936 Female 1996

The Danish Civil Registration System*

• Fertility, family and pedigree, health and disease 
data‡; hospitalizations, psychological data and 
malformations

National health 
monitoring

Denmark 8,176,097 Men, women 
and children

1978  16
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Directional selection
Natural selection that favours 
values of a quantitative trait  
at one extreme of the 
population distribution. In 
positive directional selection, 
natural selection favours 
values of a quantitative trait  
at the upper extreme of the 
population distribution.

Generalized additive model
A statistical model that blends 
properties of generalized 
linear models with additive 
models (parametric or 
non-parametric) and is often 
used to estimate smoothing 
functions for scatter plots.

The problem of disentangling correlated traits can 
be illustrated by a real example. For women in the 
Framingham Heart Study population, total cholesterol 
has a positive phenotypic correlation with weight, 
systolic and diastolic blood pressure, blood glucose and 
age at first birth, but a negative phenotypic correlation 
with height and age at menopause. it has a negative 
genetic correlation with weight, height and age at first 
birth, but a positive genetic correlation with systolic 
and diastolic blood pressure, glucose and menopause. 
The correlations of these traits with lifetime reproduc-
tive success are positive for weight, diastolic blood 
pressure and age at menopause, but negative for total 
cholesterol, height, systolic blood pressure and age at 
first birth12. The outcome for total cholesterol depends 
on the intensities of selection on the entire set of corre-
lated traits and on the strengths and signs of the genetic 
and phenotypic correlations. in general, a trait under 
directional selection could respond positively, negatively 
or not at all depending on the contributions of the 
phenotypic and the genetic correlations. in this case, 
after phenotypic and genetic correlations were taken 
into account, it was found that selection is operating 
to lower total cholesterol12.

Cultural versus genetic transmission of traits. The 
methods used to estimate genetic variances and covari-
ances of traits in humans rely on correlations among rel-
atives. if we have hundreds of pedigrees, we can estimate 
the genetic parameters fairly precisely. However, the 
precision of the estimates should not distract us from 
an issue in the logic: parents transmit genes and cul-
ture to their offspring and both effects are confounded 
in the data. This complicates the assumption of the 
model that there are no interactions between genetic 

and environmental effects20. Because the environment 
includes cultural effects and the transmission of traits 
across generations is in part cultural, a change in cul-
ture might change the transmission of traits between 
generations. culture matters less for some traits than 
for others but in observational studies the only practi-
cal solution is to note the issue and remain modest in 
drawing conclusions. estimates of the evolution of traits 
in humans provide a description of evolutionary change 
over a brief historical period and may not predict future 
changes. That estimates of genetic transmission of traits 
based on phenotypic data may be biased by environ-
mental factors is a general problem that is not limited 
to studies of human populations21.

Dealing with age and year effects on traits. Many of the  
traits measured in the large studies mentioned in  
the ’Sources of data’ section change with the age of the  
individual and the year of measurement. complex 
models have been developed to examine selection in 
age-structured populations with secular change22. A 
more practical approach in some situations is to express 
individual traits relative to other individuals of the same 
age measured at the same time. if sample sizes are large 
and traits have been measured several times on each 
individual, then these effects can be accommodated 
by taking the average of the individual residuals from 
a three-dimensional surface generated by a generalized  
additive model23 or a locally weighted regression24 of each 
trait by age and year of measure. This yields one estimate of  
the trait value per individual that is more reliable than the  
individual measurements and adjusts for changes in  
the trait mean over time and with age. These average 
residuals can then be input to the procedures that yield 
the phenotypic and genetic covariance matrices.

Table 1 (cont.) | Examples of clinical cohorts that could be used in evolutionary studies

study and data analysed Focus Origin sample size sex or 
cohort

Date 
initiated

Refs

The Maternal and Child Health Research Database*

• Linked registers with births, deaths, health, maternal 
physical, sociodemographic, pregnancy and 
perinatal data, family data for mothers and children

Maternal and child 
health monitoring

Australia >All births 
(450,000) from 
1981 

Women and 
children

1980 104

Coronary Artery Risk Development in Young Adults*

• Birth and fertility, diet, exercise, behaviour, 
psychological, anthropometry and women’s 
reproductive health

Coronary artery risk 
development

USA 5,115 Both sexes 1985–1986

The San Antonio Family Heart study Heart disease in 
Mexican– Americans

USA 1,431 Both sexes 1991 105

The Utah Population Database* Cancer records USA > 7 million Both sexes 1971 106

The Family Heart Study* Coronary heart 
disease 

USA 14,592 Both sexes 1970 107

Biological Ageing in Mennonites* Genetics of ageing USA ~1,450 Both sexes 1979

The Stanislas Cohort* Cardiovascular 
disease 

France 4,295 Both sexes 1993 108

The Sardinia Cohort* Personality and 
cardiovascular traits

Italy 6,148 Both sexes 2002 96

*In these studies, data on reproductive history or fertility are collected but we do not know whether this represents completed lifetime reproduction. ‡According to 
the international classification of diseases by the World Health Organization. LRS, lifetime reproductive success.
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Heritability
The proportion of the total 
phenotypic variation in a trait 
that can be attributed to 
genetic effects.

Selection differential
The average superiority of  
the selected parents; it is 
expressed as the mean 
phenotypic value of the 
individuals selected as parents 
and expressed as a deviation 
from the population mean.

Additive genetic variance
The part of the total genetic 
variation that is due to the 
main (or additive) effects of 
alleles on a phenotype. The 
additive variance determines 
the response to selection.

Dealing with substantial environmental change over 
periods shorter than a generation. Humans are long 
lived, their culture changes rapidly and the data assem-
bled in multigeneration studies reflect a range of biologi-
cal and cultural environments. For example, individuals 
born in 1920 experienced the Great depression, the 
Second World War and the post-war economic recov-
ery. They lived through major shifts in fertility pat-
terns (low during the 1930s and early 1940s and high 
in the 1950s) and encountered substantial changes in 
technology, public health and medical practice, includ-
ing antibiotics, vaccinations, treatments for high blood 
pressure, diabetes, heart disease and the management of 
reproductive health.The method of residuals described 
in the previous paragraph represents the traits measured 
on an individual relative to others in the population. 
For fertility trends, which can be dramatic (the ‘baby 
boom’ of the 1950s and the ‘baby bust’ in the 1960s and 
1970s), the period of observation can be divided into 
cohorts of approximately 25 years to match the periods 
that have major differences. The LRS of an individual 
can then be expressed relative to others in its cohort. 
One could also use locally weighted regressions to 
express individual reproductive success relative to oth-
ers of a similar age who are reproducing at nearly the 
same time24. in any population, some individuals have 

completed reproduction and others are still fertile. This 
issue can be dealt with for women by limiting the sam-
ple of completed family sizes to individuals who have 
completed menopause. Getting a reliable measure  
of completed family size for men is problematic because 
paternity can be cryptic or intentionally concealed and 
the ability to reproduce often continues to high ages.

Status of the research. Although we now know that 
some contemporary humans may be evolving, we do 
not know how general the evolutionary patterns are. 
We need several comparable studies of post-industrial 
and pre-industrial populations to get a more complete 
picture of the variation in selection patterns in time 
and space. in so doing, a major challenge will be to 
develop better methods to measure the effects of cul-
ture on selection and inheritance. A starting point to 
do this will be the analytical framework developed by  
evolutionary biologists.

Analytical framework
Phenotypic evolution, which is the change in the mean 
value of traits between generations, is driven in the 
short term by natural selection — that is, by the associa-
tion of heritable traits with differences in fitness (LRS). 
differences in fitness only lead to evolution if the traits 
with which fitness is associated are inherited. Therefore, 
phenotypic models describing natural selection include 
three components: differences in fitness, heritability of 
the trait and the amount of variation in the trait. The 
simplest model examines a single binary trait whereas 
a more useful model simultaneously examines several 
quantitative traits. The basic model is described below 
and the progression from the simplest model to the more 
complete model is shown in BOX 3.

Basic phenotypic model of natural selection. Most 
research on natural selection uses a framework devel-
oped by Lande and Arnold25. Lande26 expressed the 
change in the mean value of a trait, z, in terms of  
the three components described above. The first compo-
nent, the difference in fitness, is measured by the selection 
differential, s, which is the difference between the mean 
of z and the mean of z when individuals are weighted by 
their reproductive success, wi. The second, genetic com-
ponent, g, which represents the additive genetic variance  
in the trait (commonly represented as σA

2), can be esti-
mated as the covariance between the zi values of the  
children and their parents. The third component,  
the amount of phenotypic variation in the trait, is sim-
ply the variance of z, σz

2. The change in the mean of z 
between generations is sg/σz

2.
This framework leads to two ways of thinking about 

natural selection. Animal and plant breeders, who have 
substantial control over the fertility of individuals and 
experimental design, focus on heritability. ‘Narrow-sense 
heritability’, h2, is g/σz

2. in humans, this can be estimated 
as the regression coefficient relating z in offspring to the 
mean z of their two parents. Then, the ‘breeder’s equation’ 
expresses the change between generations due to selection  
as h2s; this is the response to selection, R (REF.27).

 Box 2 | The need for phenomes

In the post-genomic era, it is well recognized that we need to be able to describe 
phenomes as precisely as we describe genomes59,60. For example, large-scale 
phenotyping is expected to improve our resolution of phenotype–genotype 
associations61, to better predict candidate genes for disease62, to improve our 
understanding and treatment of complex diseases63 and to enhance our 
opportunities to discover and predict evolutionary changes in contemporary 
humans. The issue of how best to define, collect, store, analyze and share phenomic 
data, however, remains open64.

As various high-throughput technologies allow more detailed biomolecular 
phenotypes (biomarkers) to be obtained, they will enable selection studies on 
phenomes with hundreds and even thousands of traits. We are not yet aware of any 
long-term multigeneration studies that have built such data collection into their 
regularly executed protocols. It is likely that future studies that do so will understand 
selection in unprecedented detail.

When one studies multitrait evolution, there are technical as well as conceptual 
reasons to include measurements on as many traits as possible. Because the 
projections of response to selection are made using both phenotypic (P) and genetic 
variance–covariance (G) matrices, the predictions for change in a focal trait depend 
on the other traits included in the study — on the number of rows and columns in the 
P and G matrices. The greater the number of traits included, the better the chance 
that the analysis will reflect reality. For example, in the women in the Framingham 
Heart Study, the predicted evolutionary change in systolic blood pressure is a 
decrease of 0.4 mmHg over 10 generations or 0.35% when the trait is considered by 
itself, but when its phenotypic and genetic correlations with 6 other traits are 
included, the prediction changes to a decrease of 2.3 mmHg over 10 generations. 
This is 1.82% of the starting value and 5.25 times larger than the prediction made 
when the trait is considered by itself.

This modest example, which suggests the importance of correlated complexes of 
traits, indicates what we might find if we could analyze the entire phenome, which 
consists of thousands of traits and is the object on which natural selection works. 
Large-scale phenotyping may require improved methods for measuring natural 
selection because as we add traits to a multiple regression, the probability of 
multicollinearity increases and larger samples may be needed to generate sufficient 
statistical power to detect differences.
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More natural situations in which fertility cannot be 
controlled require us to focus on the fertility differentials. 
Lande and Arnold25 show that s can be expressed as the 
covariance between the traits and fitness, zi and wi. They 
then note that s/σz

2 is the regression coefficient, b, relating 
fitness, wi, to the trait, zi. in this perspective, the change 
between generations is expressed as σA

2 × b. extending the 

model to examine multiple traits then involves the slopes 
from a multiple regression between a measure of fitness 
and multiple traits, β. in matrix form, σz

2 is replaced by a 
variance–covariance matrix, P. The multivariate equiva-
lent of g, the genetic variance–covariance matrix, G, can 
be estimated from data on the traits of family members, 
such as parents and children or siblings, using one of 
several computer packages (for example, SOLAR28, 
MeRLin29 and vce30,31; please see Further information 
for links to these analysis tools). The change in the traits 
can then be compactly expressed as Δ z = Gβ (BOX 3). The 
model can be applied to reproductive success or to any 
component of fitness, such as child mortality or total live 
births. Within this general framework, the methods used 
to test, quantify and display the effects of natural selection 
have grown in variety over the years32–38.

Projecting evolution over more than one generation. 
The true relationship between a component of fitness 
and a series of traits is rarely described exactly by a mul-
tiple linear regression. For example, binary traits such 
as the survival status of a child are best described by a 
logistic regression. This is not a problem for studying 
evolutionary change over a single generation. However, 
in each generation, natural selection moves the popula-
tion to a different point on the surface that relates traits 
to fitness. Therefore, projecting more than one gen-
eration ahead requires calculating how the variance–
covariance matrix among traits will change and what 
effects this will have on the mean effects of each trait on 
fitness. Lande and Arnold25 suggested that this can be 
accomplished using a quadratic regression that includes 
the traits, the traits squared and the cross-products of 
each pair of traits. The use of a simple quadratic regres-
sion has been questioned and several alternatives such 
as logistic regression have been proposed39,40. However, 
the rapid nature of environmental change in human 
populations and the likely importance of gene–environ-
ment interactions mean that it is not useful to project 
evolution in humans beyond a few generations; here the 
quadratic model is probably adequate40.

Nonlinear selection. The issue of nonlinear selection is 
not yet well explored. There are three types of nonlinear  
selection: stabilizing (convex), disruptive (concave) 
and correlational. The first two are often estimated by 
a quadratic regression. Many studies of natural popula-
tions have not tested for quadratic effects. Many of those 
that have tested for them had small sample sizes and the 
effects that were found suggest that stabilizing selection is 
weak and uncommon, but this inference is not very reli-
able41. correlational selection is dealt with by estimating 
the interactions of traits in affecting fitness. Only 7 of 63 
studies of natural populations41 and only 3 of 14 stud-
ies of human populations (TABLE 2) tested for nonlinear 
selection using interaction terms. A reorientation of the 
matrices that express interactions, for example, using 
factor analysis, can reveal substantial nonlinear selection 
where little had previously been detected32,35,39. We have 
yet to uncover the prevalence and intensity of nonlinear 
selection in natural and human populations.

Table 2 | Estimates of selection on traits in modern human populations

trait sex selection p n Population 
(century)

Refs

Life history

Age at first 
birth 

F – *** 306 Finland (17th–19th) 109

F – *** 395 Finland (18th–19th) 17

F – *** 2,227 USA (20th) 12

F – ** 314 Finland (20th) 110

F – *** 1,459 Australia (20th) 111

F – ** 2,443 USA (20th) 112

M – ** 395 Finland (18th–19th) 113

M – ** 2,443 USA (20th) 112

Interbirth 
interval

F – *** 306 Finland (17th–19th) 109

Age at last 
birth

F + *** 306 Finland (17th–19th) 109

F + * 314 Finland (20th) 110

Age at 
menopause

F +/s ** 2,227 USA (20th) 12

F + ** 1,459 Australia (20th) 111

Age at death M + *** 746 USA (19th) 114

Morphology

Weight F + ** 1,278 USA (20th) 115

F +/s *** 2,227 USA (20th) 12

M s *** 2,616 USA (19th–20th) 116

Height

 

 

 

 

 

 

F + * 216 Gambia (20th) 43

F –/s ** 3,552 Great Britain (20th) 100

F – ** 1,278 USA (20th) 115

F – *** 2,227 USA (20th) 12

M s *** 2,616 USA (19th–20th) 116

M + * 322 USA (20th) 44

M + *** 3,201 Poland (20th) 117

Physiology 

Cholesterol F – ** 2,227 USA (20th) 12

Systolic blood 
pressure

F – * 2,227 USA (20th) 12

Blood glucose F s ** 2,227 USA (20th) 12

Several studies went beyond lifetime reproductive success to estimate fitness as number of 
offspring that survived to age 14 (REF. 43) or to age 18 (REFS 109,110,113). Two assumed that 
reproduction was complete by age 42 (REF. 100) or 45 (REF. 118) – for example, 96% and 99% 
of all male and female reproduction occurred before the age of 45 in a Swedish cohort118.  
The association of traits with fitness was estimated in most cases using multiple or partial 
regression; one study used analysis of variance (ANOVA)115. Most populations were 
post-industrial; the Finnish Sami and Gambian populations were pre-industrial with natural 
fertility. Only two studies used lifetime reproductive success to measure fitness, estimated 
both phenotypic and genetic correlations among multiple traits and combined them to 
estimate evolutionary change12,111. Only one study attempted to project the response  
to selection12. +, positive directional selection; –, negative directional selection; F, female;  
M, male; n, sample size (largest reported in study); p, Highest p-value for trait (not all may have 
been significant; *p<0.05; **p<0.01; ***p<0.001); s, stabilizing selection.
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Narrow-sense heritability
The proportion of phenotypic 
variation that can be 
accounted for by additive 
genetic effects. By contrast, 
broad-sense heritability 
includes effects of interactions 
among genes that are caused 
by dominance and epistasis.

Quadratic regression
A quadratic regression 
estimates the parameters of an 
equation for a parabola that 
best fits the data. Here it is 
incorporated in a larger model 
that also has linear elements.

Stabilizing selection
Natural selection that favours 
intermediate values of a 
quantitative trait.

in human cases, in which environmental change is 
rapid compared to generation length, the issue of non-
linear selection is real but may be less important than 
in species in which generations are shorter than the  
periods of environmental change. Worrying about  
the exact shape of the selection differentials should not 
be the top priority if the shape of the surface and the 
genetic correlations will change in the next generation. 
More important in human evolution are rapid cultural 
and environmental change; the challenge is to measure 
their effects and represent them in models.

Insights from previous studies
Studies of evolution in contemporary human popula-
tions are beginning to suggest a few generalizations. 
When summarizing these results, it is important to 
distinguish studies in low mortality populations from 
those in populations with higher levels of infant and 
child mortality. until the start of the last century, all 
contemporary humans experienced low infant survival 
rates but many populations now experience much bet-
ter survival at all ages. Because reproductive success is 
composed of survival and reproduction and very low 
mortality rates imply little variation among individuals 

in survival, we would expect to see a shift in selection 
intensities towards the more variable reproductive 
parameters, such as age at first birth, interbirth interval, 
age at menopause and use of modern contraceptives to 
limit total births.

Studies of selection. More than 14 studies have reported 
significant selection in contemporary human popula-
tions (TABLE 2). Those reported here differ in whether a 
single trait or multiple traits were measured, in whether 
genetic parameters were estimated and in whether esti-
mates of evolutionary change were made. Methods for 
detecting natural selection in humans have been chang-
ing. early studies considered the association of one or 
two traits with LRS but often did not consider both bio-
logical and cultural evolution. Most early studies did not  
adjust for temporal changes in traits and fertility, did  
not include nonlinear terms to test for stabilizing selection  
and did not account for correlations among traits. 
Many did not estimate genetic parameters. From 
the point of view of this paper, these are deficien-
cies, but many of the papers reviewed had different 
aims and were written before current methods were  
broadly appreciated.

 Box 3 | Models for studying the evolution in blood pressure caused by differences in fertility 

The table below uses the example of blood pressure to show the progression from simple models of natural selection to 
more complex multitrait models. It illustrates each of the three components described in the text: measures of 
differentials in fitness by phenotype, measures of the amount of variability in the phenotype in the parental population 
and measures of the extent to which children inherit the phenotype of a parent.

Binary trait
The example focuses on the fertility component of lifetime reproductive success. The second column examines how a 
simple model describes the effect of fertility differentials on the proportion of individuals in the population who are 
hypertensive (a binary trait). We could measure the difference in fertility (row 2) as the ratio of mean number of children 
born to hypertensive individuals divided by the mean number born to normotensive individuals. The amount of variation 
in the parental population (row 3) would simply be the proportion that is hypertensive. We describe the heritability (row 4) 
using the proportions of hypertensive individuals among the children of hypertensive and normotensive individuals.  
The final row gives the equation for change in the proportion hypertensive between generations.

continuous trait
Column 3 shows the equivalent measures for changes in systolic blood pressure (SBP), a continuous trait. In this case, the 
change between generations can be described in terms of heritability, h2, and the covariance between fertility and SBP or 
in terms of the regression coefficient relating fertility to SBP and the covariance between the SBP of parents and their 
children, b. Column 4 shows the matrix notation used for describing the co-evolution of multiple traits, such as SBP, 
diastolic blood pressure and high-density lipoprotein cholesterol.

component single binary trait  
(% hypertensive, π)

single continuous trait 
(sBP)

Multiple traits (X1…Xk)

Fertility 
differences

The ratio of the numbers of 
children born to groups 1 and 2 
(F

1
/F

2
)

Covariance between fertility 
and SBP, Cov (F, SBP)

Vector of covariances  
between fertility and  
each phenotype, V

Variation 
in parental 
generation

Percent hypertensive among 
parents, π

1

Variance in SBP among 
parents, Var (SBP

1
)

Variance–covariance  
matrix among phenotypes  
in parents, P

Inheritance 
component

Percentages hypertensive 
among children of hypertensives 
and others, p

1
 and p

2

Variance in SBP attributed 
to genetics, g (commonly 
represented as σ

A
2)

Matrix of genetic variances 
and covariances from additive 
model of inheritance, G

Change in mean 
phenotype(s)

π
1 
× (F

1
/F

2
*p

1
 + (1- π

1
)) × p

2
G × Cov (F, SBP) /Var (SBP

1
) = 

h2 × Cov (F, SBP) = g × b
∆ z = G P–1V = G β

β, a vector of regression coefficients relating multiple traits to a measure of fitness; b, the regression coefficient relating a single trait 
to a measure of fitness; h2, the common measure of heritability.
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These studies report three striking findings. First, 
both women and men are under selection for earlier 
age at first birth in both pre-industrial, natural fer-
tility populations and in post-industrial populations. 
Second, women are under selection for later age at last 
birth in a pre-industrial population and later age at 
menopause in two post-industrial populations. Third, 
women are under selection for increased height in one 
pre-industrial population and for decreased height in 
three post-industrial populations.

The trend to earlier maturation at smaller body sizes 
may be a consequence of the widespread decrease in 
juvenile mortality rates caused by modern hygiene, pub-
lic health measures and medical care. if we assume that 
age and height at maturity had been in an evolutionary 
equilibrium determined by a life–history trade-off in 
which earlier maturation implies higher juvenile mor-
tality of offspring, then the lowering of juvenile mortal-
ity rates would decrease the cost of earlier reproduction 
and selection would then favour earlier age at first 
birth at a shorter height42. in pre-industrial societies, 
the advantages of earlier birth at a shorter height may 
be outweighed by the greater mortality of children of 
shorter, younger women43.

The combination of earlier age at first birth and later 
menopause or age at last birth, which is consistently 
found across multiple populations, indicates that the 
temporal window of reproductive opportunity is broad-
ening. This can be interpreted as a response to a shift 
in the balance of selection components from mortality- 
dominated to fertility-dominated components.

Selection may be either directional (consistently for  
an increase or a decrease) or stabilizing (consistently for an 
intermediate value). Selection on height in men includes 
both directional selection for increased height44–46 and 
stabilizing selection for intermediate height in some  
populations47. Stabilizing selection for height may be due 
to poorer health overall for short men48 and increased risk 
for musculoskeletal problems49 and certain cancers50,51 in 
very tall individuals.

We have only begun to detect the human traits 
that are under selection. The extensive evidence of 
natural selection on diverse traits in plant and animal  
studies41 suggests how much remains to be discovered 
in humans.

We have chosen not to discuss the many other 
studies that used age-adjusted fertility rather than 
LRS because they did not measure lifetime reproduc-
tion completely. Results on traits with a large cultural 
component — such as education, measures of cogni-
tion and wealth — are reported separately in BOX 4 
because there are serious issues with the inference of 
their heritabilities and because expectations have not 
been borne out that a trait such as intelligence quotient 
(iQ) would respond to selection20,52.

Studies of heritability and genetic correlations. 
Measuring selection intensities is necessary but not 
sufficient to predict the response to selection. We also 
need to know the heritabilities53 of the traits and the 
genetic correlations among them, which then require 

transformation to represent additive genetic variances 
and covariances (G). Heritabilities of single human 
traits have been measured far more often than have 
genetic correlations between pairs of traits. FIGURE 1 
shows 4 representative patterns of heritability esti-
mates from our analysis of 75 studies with a combined 
sample size of more than 130,000 individuals. This 
analysis makes the following points. First, most human 
traits have measurable heritability and will respond to 
selection if they are not constrained by phenotypic 
and genetic correlations with other traits. Second, 
traits directly related to LRS tend to have lower herit-
abilities than traits that have a less direct relationship 
to fitness. The mean heritabilities of age at first birth 
(~0.11), LRS (~0.23), cardiovascular function (~0.34) 
and blood phenotypes (~0.36) are lower than the mean 
heritabilities of weight (~0.55), measures of many 
body dimensions (~0.59), age at menopause (~0.59) 
and height (~0.75). This pattern is consistent with 
the expectations of evolutionary genetics, as selec-
tion reduces the standing genetic variation of traits in 
proportion to its intensity. Similar patterns have been 
found in comparisons of the heritabilities of different 
classes of traits summarized from 1,120 wild animal 
populations54. Third, for a given trait, estimates of 
heritabilities from twin studies are consistently higher 
than estimates from population studies. Two common 
problems with twin studies involve the assumptions 
about shared environment and how measurement 
error is handled as a source of error20.

Lessons learned
The phenotypic data available in large data sets hold 
the key to how natural selection is currently acting on 
many human populations. This information will benefit 
basic science in the short term and medical science in 
the long term by changing our view of human popula-
tions from static to dynamic, genetically and culturally. 
The most interesting potential insights will be into how 
human interventions are changing human evolution.

The major unresolved issues are how to deal with 
cultural evolution and gene–culture co-evolution. 
culture includes socially transmitted information 
that affects the behaviour of individuals (such as mar-
riage patterns, diet, education and smoking) and the 
larger social environment (including public health and 
clinical practices). cultural change can affect selection 
gradients by altering the correlation of traits with LRS. 
it can also change the expression of genetic variation 
and, therefore, heritabilities and genetic correlations55.  
Therefore, culture can affect both selection and  
the response to selection. At this point, the data  
and analytical methods needed to understand these 
processes are sparse. in modern societies, the cultural 
environment changes so rapidly that, even if these 
data and methods were available, the best that could 
be expected would be retrospective analyses of gene–
culture interactions rather than reliable predictions of 
future states.

The next step will be to see whether the phenotypic 
changes measured with the methods described here 
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are tracked by changes in the allele frequencies of the 
genes associated with the traits56,57. This can be done by 
identifying the genomic variants (for example, SnPs 
and copy number variants) associated with the selected 
traits in studies in which such data have been gathered 
for the parental and the offspring generation.

Conclusion
The studies reviewed here make clear that traits in many 
human populations are experiencing natural selection 
and have the genetic potential to respond to it. in at 
least two populations, selection acting on multiple traits 
has been measured and responses have been estimated. 

 Box 4 | Selection on traits with a large cultural component 

We present this Box with 
the warning that it should 
be used ‘with great 
caution’. Heritability 
estimates in humans for 
traits such as intelligence 
are derived from 
observational studies 
using correlations that  
are not from experiments 
designed to isolate  
the additive genetic 
component of phenotypic 
variance. This means that 
they can be seriously 
confounded by 
undetected cultural 
transmission. In addition, 
there are many 
dimensions to intelligence 
and each test measures 
something different. 
Therefore, these 
heritabilities might better 
be described in terms of 
performance on a given 
test, not some grand 
concept called 
intelligence quotient (IQ). 
We have nevertheless 
chosen to present these 
estimates of selection 
pressures, as there is widespread interest in the evolution of such traits. The heritability of cognition is perhaps more 
intensely studied than that of any other human trait and for decades there have been discussions on the apparent 
paradoxical evolution of cognitive abilities. The issue was recently reviewed by Visscher et al. (Box 4 in REF. 53). Estimates 
of the heritability of IQ derived from comparing the IQs of monozygotic and dizygotic twins range from 0.5 to 0.8. When 
maternal effects are taken into account, estimates drop to 0.3, which is still significant. Visscher et al. conclude that “a 
large proportion of the variation in IQ between individuals within a population is associated with additive genetic 
factors.” Bouchard agrees, noting that the influence of shared environment on IQ predominates early in life but 
dissipates to near zero by adulthood65.Therefore, IQ is heritable and varies among individuals. Does it respond to 
selection as would be expected? It does not. Ramsden52 discusses the striking case of the large repeat survey of Scottish 
schoolchildren that was conducted to see whether IQ measured at age 11 in parents had declined in their offspring, who 
were measured with the same test at the same age. It was expected that IQ would decline, as it is negatively correlated 
with family size and is heritable. IQ did not decline, despite being under negative directional selection. In fact, it 
increased. This striking result suggests that projecting evolutionary change for traits that have a large cultural 
component encounters difficulties that go beyond the estimation of heritability.

With this in mind, consider the table shown above. Taken at face value, it suggests that contemporary humans are 
under directional selection for less education, less income in women, and more income and wealth and higher rank in 
men, and decreased intelligence in both sexes. However, as the Scottish study makes clear, we can only conclude from 
these results that these traits were significantly correlated with reproductive success in the environment in which they 
were measured. We cannot say that these correlations would lead to an evolutionary response.

Such examples re-emphasize the need to develop and apply methods to partition the contributions of cultural and 
biological evolution to changes in human traits.

+, positive directional selection; – , negative directional selection; F, female; M, male; n, sample size (largest reported in study);  
p, highest p-value for trait (not all may have been significant; *p<0.05; **p<0.01; ***p<0.001); s, stabilizing selection.

trait sex selection p n Population 
(century)

Refs

 Education

 

 

F – ** 2,443 USA (20th) 112

F and M – * 1,906 USA (20th) 119

M – * 2,443 USA (20th) 112

Income

 

 

 

 

 

 

 

F – ** 2 443 USA (20th) 112

F – * 1,278 USA (20th) 115

F – * 14,000 Sweden (20th) 120

F – ** 5,576 Great Britain (20th) 121

F and M – * 1,906 USA (20th) 119

M +/– ** 10,436 USA (20th) 122

M + ** 2,443 USA (20th) 112

M + ** 5,576 Great Britain (20th) 121

M + *** 14,000 Sweden (20th) 120

Wealth

 

M + *** 164 Kenya (20th) 123

M + * 746 USA (19th) 114

M + *** 302 Sweden (19th) 124

Occupational 
status

F and M – * 1,906 USA (20th) 119

Rank

 

M + *** 746 USA (19th) 114

M + * 322 USA (20th)  44

Hunting ability M + * 18 Botswana (20th) 125

Intelligence F and M – *** 1,906 USA (20th) 119
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Measuring selection on contemporary human popula-
tions is important because it changes our views of the 
populations for which clinical and public health interven-
tions are designed. Our biological nature is not static; our 
interventions are changing it with uncertain direction 
and magnitude. Measuring such change is not easy. Large 

samples are needed over multiple generations and many 
traits should be measured repeatedly and reliably. Future 
large, long-term, multigeneration studies should regularly 
record at least all births and deaths and those measures 
of culture — including medical intervention, diet and  
education — that influence selection and inheritance.

Nature Reviews | Genetics
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a  Age at first birth b  Blood traits

c  Age at menopause d  Height

Population: 0.08 ± 0.01
Twin: 0.24
Combined: 0.11 ± 0.03
5 h2 estimates, 4 studies, n ≈ 12,000

Population: 0.35 ± 0.02
Twin: 0.56 ± 0.09
Combined: 0.36 ± 0.02
66 h2 estimates, 7 studies, n ≈ 15,000

Population: 0.56 ± 0.04
Twin: 0.63 ± 0.05
Combined: 0.59 ± 0.03
24 h2 estimates, 9 studies, n ≈ 14,000

Population: 0.75 ± 0.02
Twin: 0.75 ± 0.02
Combined: 0.75 ± 0.01
115 h2 estimates, 44 studies, n ≈ 130,000

Figure 1 | Heritabilities (h2) of human traits. The heritabilities of four human traits are shown: age at first birth (a),  
blood traits (many measures of blood chemistry; b), age at menopause (c) and height (d). Note that traits that are tightly 
correlated with fitness such as age at first birth have lower heritabilities than traits relatively uncorrelated with fitness, 
such as age at menopause and height, as is consistent with the predictions of theoretical evolutionary genetics54. 
Population refers to the mean h2 from population-based studies, twin refers to the mean h2 from twin-based studies and 
combined refers to the mean h2 using data from population and twin studies. ± followed by a number refers to the 
standard error of the mean. Other values indicate number of h2 estimates plots were based on (h2), the number of studies 
h2 values were obtained from and the approximate sum of individuals across all studies that were used to obtain these 
estimates (n). The data shown in the plots are from REFS 12,66–97.
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The importance of culture becomes clear in the con-
trast between the developed and the developing world. 
in the developed world, it is primarily variation in fertil-
ity rather than mortality that shapes variation in LRS. 
in developing countries, the variation in mortality has a 
greater contribution to selection, particularly the varia-
tion in infant and child mortality that is associated with 
infectious disease and deficiencies in child nutrition. 
The next important insights from the measurement 
of selection in contemporary human populations will 

come from the comparison of populations from the 
developed and the developing world.

The rapid rate of change in the social and cultural envi-
ronment offers opportunities for studying the dynamics 
of selection and the plasticity of genetic correlations. 
Humans are not the only species affected by environmen-
tal changes. Research on human evolutionary responses 
to sudden environmental changes will contribute to 
cross-species comparisons that will help us understand  
the role of evolution in a rapidly changing world.
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