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Abstract

Behaviors related to fertility constitute primary candidates for investigating the relevance
of evolutionary influences and biological dispositions on contemporary human behaviors.
Using female Danish twin cohorts born 1870–1968, we document important transformations
in the relative contributions of ‘nurture’ and ‘nature’ to within-cohort variations in early and
complete fertility, and we point towards a systematic relation between the socioeconomic
context of cohorts and the relevance of genetic and shared environmental factors. This
transformation is most striking for early fertility where genetic factors strengthen over time
and are consistent with up to 50 per cent of the variation in early fertility in most recent
cohorts. Understanding this emerging relevance of genetic factors is of central importance
because early fertility constitutes an important determinant of complete fertility levels in
low fertility societies, and because teenage motherhood and early childbearing are often
associated with negative life-cycle consequences. Moreover, our results emphasize the need
for socially and contextually informed analyses of nature and nurture that allow both factors
to influence human reproductive behavior over time.



1 Introduction

Differential reproductive success constitutes one of the primary mechanisms through which
evolutionary processes lead to natural selection within and between species. Many behaviors
related to fertility are therefore strongly shaped by evolutionary influences (e.g., Dawkins,
1976), and these influences have led to important male-female differences in sexuality, fertil-
ity and related behaviors. These dissimilarities in male and female reproductive strategies
begin with the asymmetrical efforts of males and females in producing egg and sperm cells,
and they are present in different mating/marriage strategies, differences in attachment to
children, and differential incentives to invest in offspring (e.g., Geary, 1998; Mealey, 2000;
Miller and Rodgers, 2001; Trivers, 1972).

Evolutionary processes exerted their primary influence on reproductive and other be-
haviors while our ancestors lived in hunter and gatherer societies. Nevertheless, there is
increasing evidence that even complex human behaviors continue to be affected by the evo-
lution of our physiological characteristics and cognitive abilities (e.g., Carter, 1998; Kaplan,
Hill, Lancaster, and Hurtado, 2000; LeDoux, 1996). An awareness about the relevance
of such influences can substantially enhance the understanding and theoretical conceptu-
alization of many human behaviors (Massey, 2002; Robson, 2001; Udry, 1988, 1995). In
addition, any perception that acknowledging evolutionary/genetic influences on behavior
reduces the scope for social theories to unfold is clearly unjustified: many evolutionary and
genetic influences on behavior interact with the cultural, social and economic environment,
and specific social or economic conditions may substantially alter the realization of evolved
behavioral dispositions in contemporary behavior.

Behaviors related to fertility constitute primary candidates for investigating the rele-
vance of evolutionary influences and biological dispositions on contemporary human be-
haviors for a number of reasons. First, fertility behaviors are an essential determinant of
population growth and survival, and they directly contribute to the fitness criterion that is
maximized by evolutionary processes. Second, the evolutionary theory of life-history traits
is well developed (e.g., Low, 1998; Roff, 1992; Stearns, 1992) and yields testable implications
regarding genetic influences on fertility outcomes (e.g., Hill and Kaplan, 1999; Low, Clarke,
and Lockridge, 1992; Voland, 1998). A central example in this context is Fisher’s Fundamen-
tal Theorem of Natural Selection (FTNS, Fisher, 1930) that has frequently been interpreted
to mean that fitness traits, such as fertility and fertility precursors, have heritabilities near
zero. Third, the cultural, social and economic context of human reproduction has been
subject to important changes during the demographic transition, the diffusion of reliable
contraception, and the emergence of below-replacement fertility. These well-documented
variations in the context of fertility decisions allow for the possibility that genetic variation
in fertility outcomes re-emerges in modern societies despite the tendency to eliminate such
variation during the evolutionary process (Kohler and Rodgers, 2003; Rodgers, Hughes,
Kohler, Christensen, Doughty, Rowe, and Miller, 2001a).

In order to address these questions, we analyze a unique dataset composed of Danish
twin cohorts born over the course of almost one century from 1870 to 1968. The first part of
the study focuses on early fertility behavior—that is, on fertility behavior up to ages 25—
and considers the genetic and shared environmental factors that facilitate an early transition
into parenthood. This part of our study is based on female twin pairs born between 1945 and
1968. We show that the determinants of early fertility in these female twin cohorts have been
subject to a fundamental shift from ‘nurture’ towards ‘nature’: genetic influences are almost
absent for the older and strongly relevant for the younger cohorts, as shared environmental
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influences change in the opposite direction. In the second part of our study we embed this
recent pattern in a study of completed fertility for twin cohorts born during 1870–1960. We
show that the changes in the relative importance of genetic versus environmental influences,
which we observe for early fertility, is not a unique phenomenon. To the contrary, there
seem to be shifts in the relative importance of ‘nature’ and ‘nurture’ that are systematically
related to the socioeconomic status of the cohorts. Fertility behavior is therefore embedded
between ‘nature’ and ‘nurture’, and the relative contribution of these factors seems to vary
with the specific context of a cohort’s socioeconomic and demographic context.

The remainder of this paper is structured as follows. We begin in Section 2 with a
discussion of the social and demographic context of fertility behavior in Denmark during
the last century, and we provide a brief introduction into the twin-design that allows a
decomposition of variation in behaviors into genetic, shared environmental and non-shared
environmental components. We also elaborate on Fisher’s Theorem of Natural Selection that
constitutes an important theoretical framework for behavior genetic analyses of fertility and
related life-history traits. In Section 3 we begin our empirical analyses with a focus on early
fertility using twin cohorts born during 1945–68. In Section 4 we then shift the attention of
our analyses to complete fertility. Most importantly, this allows us to investigate the fertility
behavior of twins born during a period of almost one century from 1870 to 1960. In Section
5 we conclude our paper with a theoretical interpretation of the shifting contributions of
“nurture” and “nature” to the variation in female fertility during the last century. An
appendix provides a more detailed presentation of our methods.

2 Variations in Fertility within Populations: Biological ver-
sus Socioeconomic Determinants

2.1 The changing context of fertility decisions during the last century

The last century has witnessed fundamental demographic changes that have substantially
transformed the demographic landscape in Europe as well as all other countries. The late
19th and the early 20th century were characterized by the Demographic Transition resulting
in a decline in marital fertility across all countries (Coale and Watkins, 1986). The post-
war period then led to an increase in period fertility, and to a much lesser extent in cohort
fertility, which was unexpected to many contemporary observers (Bean, 1983; Kohler, 2000;
Morgan, 1996; Pampel, 1993). Starting in the 1970s, period fertility declined to below-
replacement levels, and this trend has been accompanied by an increase in the mean age at
first birth, an increasing proportion of out-of-wedlock births, and the rise of cohabitation
as the dominating form of partnership for young adults (Coleman, 1996; Lesthaeghe, 1983;
van de Kaa, 1987).

The most substantial part of the Danish fertility transition took place in the 20th century
and primarily affected cohorts born after 1880. The respective period fertility patterns
during the last century, along with the complete fertility of cohorts born after 1880, are
depicted in Figure 1. Cohort fertility reached a trough for individuals born around the turn
of the century, and the decline in period fertility reversed in 1933. After WWII, Denmark
experienced a marked increase in the total fertility during a post-war baby boom that
was also associated with a slight rise in cohort fertility. In the late 1960s, period fertility
dropped again substantially as part of a transformation of demographic behavior that was
later labeled as the Second Demographic Transition (Lesthaeghe and van de Kaa, 1986;
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van de Kaa, 1987). While the decline in the total fertility rate after 1965 is also reflected
in a reduction of complete fertility for cohorts born after 1930, this reduction has been
relatively modest. In contrast to many other European countries, Denmark also experienced
a recovery of period fertility in the 1980s, and it currently belongs to the European countries
with relatively high fertility. Moreover, cohort fertility is predicted to remain relatively
constant at about 1.9 children for cohorts born during the 1960s (Council of Europe, 2000;
see also Knudsen 1993). Denmark’s relatively high level of fertility is shared by France, the
Netherlands, the United States, and Nordic countries, but it differs from the situation in
Southern and Eastern European countries that have been characterized as having lowest-
low fertility in the 1990s (Kohler, Billari, and Ortega, 2002a). The Danish fertility trends
thus reflect a typical demographic pattern in Western Europe and the U.S. for the 20th
century, one that is characterized by a sequence consisting of decline of marital fertility
during the demographic transition, a post-war baby boom that mainly led to increases in
period fertility, and a subsequent baby bust leading to below-replacement fertility.

[Figure 1 about here.]

Explaining these substantial changes in the level of fertility and the patterns of fertility-
related behaviors during the last century has been a hallmark of demographic and related
research in recent decades. The proposed explanations have been widely discussed in nu-
merous studies and include economic growth, changes in female labor force participation,
family policies, etc. (e.g., see Bongaarts and Bulatao, 2000; Brewster and Rindfuss, 2000;
Coale and Watkins, 1986; Hirschman, 1994). Moreover, in recent years there has also been
an increasing emphasis on ideational aspects, cultural changes and process of social inter-
actions as important factors contributing to fertility change both during the demographic
transition as well as the baby boom and bust (Kohler, 2000; Kohler, Billari, and Ortega,
2002a; Lesthaeghe, 1983; Watkins, 1990).

It is important to emphasize that the above explanations of fertility change rarely col-
lide with (or even mention) biological theories. Quite the contrary: recent evolutionary
approaches to demographic change frequently incorporate transformations in the context
of fertility decisions through socioeconomic change or technical innovations. In particular,
socioeconomic changes and technological innovations lead to adjustments in the optimal
fertility strategies because they imply altered incentives for allocating scarce resources,
such as time and energy, to reproductive efforts, child-quality versus quantity, and somatic
investments and several other competing uses (e.g., see Hill and Kaplan, 1999; Kaplan,
Hill, Lancaster, and Hurtado, 2000). As a consequence, evolutionary and socioeconomic
theories are in fact quite compatible in terms of explaining trends in the level of fertility
(e.g., see Kaplan, Lancaster, Tucker, and Anderson, 2002). The challenge for incorporating
biological dispositions with sociological theories, however, remains in the explanations of
within-population variation in behavior. In particular, differential biological dispositions of
individuals—resulting for instance from genetic variation or hormonal influences—can be
important determinants of individual behavioral differences in addition to socioeconomic
incentives or structural influences. On the one hand, some of these biological dispositions
exert their effect on behavior through conscious decisions making, as for instance in deci-
sions about human capital investments that depend in part on individuals’ or their parents’
knowledge about their own ability (e.g., see Behrman, Rosenzweig, and Taubman, 1994,
1996). On the other hand, individuals in many cases also may not be aware of ‘background’
influences caused by biological dispositions, which occur for instance when these dispositions
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affect emotions, partner preferences, desires for children or nurturing, sexual activity, or cog-
nitive abilities (e.g., Foster, 2000; Gangestad and Thornhill, 1998; Gangestad, Thornhill,
and Garver, 2002; Halpern, Udry, Campbell, and Suchindran, 1999; Halpern, Udry, and
Suchindran, 1997; Miller and Rodgers, 2001; Penton-Voak, Perrett, Castles, Kobayashi,
Burt, Murray, and Minamisawa, 1999; Rodgers and Kohler, 2003).

Instead of focusing on specific biological mechanisms, our investigation tries to estimate
the net contribution of a broad range of genetically-mediated biological factors to the varia-
tion in fertility behavior within cohorts. The advantage of this approach is that it provides
an estimate of the overall relevance of genetically-mediated biological effects on variation
of fertility behavior. This information about the overall relevance of genetically-mediated
variation is interesting in itself. Moreover, this information also will guide future research
investigating specific mechanisms and pathways of biological influences: if the net-overall
variation attributed to genetic factors is high, the search for specific pathways (or even
specific gene factors) is likely to be more promising as compared to a situation in which the
overall influences is found to be low.

2.2 Identifying Determinants of Variation: The Twin Design

Our analyses are based on a large number of Danish twins whose fertility behavior is ana-
lyzed with behavioral genetic models. This ‘twin design’ allows a separation of two different
effects that can lead to a similarity of fertility behaviors—as well as other behaviors and
traits—among relatives. Shared-environment effects arise because individuals growing up
in the same household are subject to similar processes of socialization, socioeconomic con-
ditions of parents, and a similar family environment. Genetic effects originate through
influences of inherited traits and predispositions on behavior. The distinction between
these two mechanisms has been subject to a long and often heated debate on ‘nature versus
nurture’. Twin studies emerge as an important tool in this debate: they allow a separation
between shared-environment and genetic effects on the variation of a trait using assump-
tions about the interaction of genetic alleles, the relevance of assortative mating and the
treatment of siblings by parents (see Plomin, Defries, and Mclearn 1997 for an introduction
to behavioral genetics and twin methods). For instance, this approach has been employed
to investigate the role of genetic factors in schooling and educational attainment (Behrman
and Taubman, 1989), cognitive abilities (Cherny, Cardon, Fulker, and DeFries, 1992), the
propensity to divorce (McGue and Lykken, 1992), and mortality (Herskind, McGue, Holm,
Sorensen, Harvald, and Vaupel, 1996; Yashin and Iachine, 1997).

Twin studies rely primarily on the comparison of correlations for sets of monozygotic
(MZ) and dizygotic (DZ) twins. In particular, twin studies assume that members of MZ and
DZ twin pairs are similarly affected by the parental household and other shared family envi-
ronments. These ‘shared environments’ are common to reared-together twins and are thus
a source of their similarity. If shared-environment effects are the only influences on a trait
or behavior, we expect more similarity in this trait within a twin pair than among unrelated
individuals picked at random from the population. However, we do not expect a systematic
difference in the similarity of MZ and DZ twins on the basis of shared-environment effects.
If MZ twins exhibit a greater similarity in a behavior than DZ twins, then this additional
similarity is suggestive of a genetic influence on this specific trait, because MZ twins share
all their genes while DZ twins share 50 per cent on average (like ordinary siblings).1 The
standard additive genetic model, which is used to interpret these differential correlations
within MZ and DZ twin pairs in terms of genetic and shared environmental contributions,
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assumes that many genes contribute additively to a phenotype. The model then provides
a decomposition of the within-population variance of a trait into additive genetic variance
(heritability, h2) and shared environmental variance (c2). The former measures the propor-
tion of total phenotypic variance attributable to (additive) genetic variance, and the latter
reflects the proportion of the total variance related to differences in shared-environmental
conditions, such as parental background, socialization, etc. All of the remaining variance is
typically absorbed in the residual term of the model that includes a combination of variance
attributable to both nonshared environmental influences (those that make family members
different from one another; e2) and measurement error.

An important advantage of our study is that the analyses are relatively robust with
respect to many criticisms of twin studies (e.g., see Guo, 1999; Lewontin, Rose, and Kamin,
1985). First our data are based on one of the world-wide largest twin registers. The analyses
for cohorts born after 1945, for instance, include the complete population of identified fe-
male twin pairs in Denmark. These data are therefore nationally representative, in contrast
to other twin samples that are selected on the basis of service in the military (e.g., the NAS-
NRC Twin and Offspring sample), residency in a specific state (e.g., parts of the Minnesota
Twin Registry) or participation in a twin convention (e.g., the Twinsberg, Ohio, Twins
Convention Survey). Second, the focus in our study on trends of heritabilities and shared
environmental influences across cohorts. This focus on trends increases the robustness of
inferences because comparing patterns of heritability across cohorts ‘differences out’ poten-
tial over-estimates in the coefficient of heritability, h2, that occur when the assumptions
underlying the twin design are violated (e.g., see Lewontin, Rose, and Kamin, 1985).

2.3 Fertility and Fisher’s Fundamental Theorem of Natural Selection

Obviously, one or a few genes cannot link to fertility desires and behaviors in a strong and
causal sense. This situation would preclude many human practices that are typical among
humans, including voluntarily childlessness, modern contraceptive practice, and postpone-
ment of childbearing to pursue education, among others (Rodgers, Kohler, Kyvik, and
Christensen, 2001b). Indeed, the fertility transition, during which fertility declines rapidly
and almost universally, is inconsistent with strongly deterministic models. However, the
opposite extreme is equally untenable. To ignore the biological basis of fertility, or, more
explicitly, to ignore the obvious conceptual link between the evolutionary process and the
behavior driving that process— that is, fertility-related behavior—virtually precludes effec-
tive theorizing.

Fisher’s Fundamental Theorem of Natural Selection (FTNS) suggested that natural
selection causes genetic variation to disappear. Until recently, therefore, the literature has
reflected skepticism of finding genetic influences on human fertility. For instance, Fisher’s
(1930) heritability estimate of h2 = .40 for complete fertility was criticized by Williams and
Williams (1974) as being an artifact of secular trends. Moreover, other studies have found
low or zero heritability in fertility. Imaizumi, Nei, and Furusho (1970) found nonsignificant
heritabilities in Japanese data from 1881–1930 using father-child (h2 = −.02) and mother-
child (h2 = .12) comparisons. Mealey and Segal (1993) used data from U.S. twins raised
apart, and found a monozygotic twin (MZ) correlation of .06 (implying h2 = .06; n = 32
pairs) and a dizygotic twin (DZ) correlation of r = .10 (implying h2 = .20; n = 23 pairs);
both nonsignificant. Although these studies seem to confirm the implications of the FTNS,
parts of his theorem has also been over-interpreted. In particular, Fisher recognized that
various biological processes can re-introduce genetic variance, bringing the system back into
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equilibrium with genetic variance above zero. Such biological processes include frequency-
dependent selection, heterozygote advantage, sexual antagonism, and, especially mutation
(e.g., Hughes and Burleson, 2000). These biological processes have been called “perturbing
forces.” But in modern society, social processes can also be perturbing forces, acting to re-
introduce genetic variance into the system that has been cleansed of such variance by natural
selection. One example of a perturbing force discussed by Fisher himself is contraceptive
innovation (Fisher, 1930). Others include changes in marriage patterns, changes in family
size norms, availability of abortion, and efficacious treatment of infertility. Obviously, it
is easy to identify potential environmental factors that may act as “perturbing forces” in
the modern world. When these are combined with the effects of mutation, what emerges
is substantial motivation to measure and explain patterns of genetic variation in human
reproduction and fertility.

The above arguments also emphasize the necessity of considering genetic influences on
fertility in the context of changing socioeconomic conditions. Because perturbing forces are
prerequisite for re-emergence of genetically mediated variation in fertility outcomes, these
arguments imply an interaction between social change and genetic influences on within-
population variation in human traits and behaviors. Instead of testing “nature versus
nurture”, our analysis therefore pursues a socially contextualized analysis of the shifting
contributions of both nature and nurture to variation in human fertility behavior over time.
This consideration therefore accommodates the recent argument proposed by sociologists
and other social scientists that the extensive social theorizing about human fertility that
has occurred over the past several decades by psychologists, sociologists, demographers,
economists, and public health experts is flawed unless those social models are also informed
by biological/genetic components as well (e.g., Rossi, 1994; Udry, 1995; Wood, 1994).

3 Early Fertility (Cohorts 1945–1968)

3.1 Genetic influences on variation in early fertility

Understanding the social and biological factors leading to an early onset of fertility are of
central social relevance. First, it is well-known that a later onset of fertility tends to delay the
progression to the second or third child and that it tends to reduce complete fertility (Kohler,
Skytthe, and Christensen, 2001; Morgan and Rindfuss, 1999). Changes in the determinants
of early fertility are therefore an important aspect in understanding the emergence of low
and lowest-low fertility levels in many European and other developed countries (e.g., see
Kohler, Billari, and Ortega, 2002a). Second, early fertility has substantial implications for
an individual’s life-course. For females, for instance, early fertility and teenage childbearing
is often associated with lower educational attainment, a lower participation in the labor
market and more frequent divorce, although earlier studies may have overestimated these
effects (Geronimus and Korenman, 1992; Hotz, McElroy, and Sanders, 1999).

So far, most research on early fertility has focused on socioeconomic influences. For in-
stance, fertility rates in teenage and young adult ages are subject to substantial period fluc-
tuations due to varying socioeconomic conditions experienced by the respective cohorts in
early adult years (Easterlin, 1980; Morgan, 1996; Rindfuss, Morgan, and Swicegood, 1988).
Moreover, own education, parental social status, rural versus urban residence, parental sep-
aration, knowledge and availability of contraceptive methods have been associated with
early fertility (Michael and Tuma, 1985; Morgan and Rindfuss, 1999; Thornberry, Smith,
and Howard, 1997; Wu and Martinson, 1993). In addition, early fertility has also been
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linked to contextual influences of neighborhoods and schools (Brewster, Billy, and Grady,
1993; South and Crowder, 1999), and ‘epidemic’ theories have been suggested to explain
patterns of teenage childbearing over time (Crane, 1991; Rodgers, Rowe, and Buster, 1998).

Little attention has been paid to genetically-mediated individual differences in early
fertility, despite the fact that genetic variation has been documented in the onset of sexual
intercourse, marriage and divorce patterns (Dunne, Martin, Statham, Sltske, Dinwiddie,
Bucholz, Madden, and Heath, 1997; McGue and Lykken, 1992; Mealey and Segal, 1993;
Rodgers, Rowe, and Buster, 1999; Rowe, 2000; Treloar and Martin, 1990) and more recently
also complete fertility (Kohler, Rodgers, and Christensen, 1999; Rodgers, Hughes, Kohler,
Christensen, Doughty, Rowe, and Miller, 2001a; Rodgers, Kohler, Kyvik, and Christensen,
2001b) and reproductive fitness (Kirk, Blomberg, Duffy, Heath, Owens, and Martin, 2000).

This absence of studies about genetic influences on early fertility is even more surprising
because this behavior is particularly interesting for investigating genetic contributions to
variation in human fertility behavior. In particular, in populations with natural fertility
levels and without conscious fertility control, the age at marriage is closely related with the
age at first birth. Both ages constitute important determinants of complete fertility, re-
productive success and fitness (e.g., Borgerhoff Mulder, 1990; Käär and Jokela, 1998; Käär,
Jokela, Helle, and Kojola, 1996; Low, 1990). In Northern and Western Europe it is also well-
documented that variations in complete fertility in response to changing socioeconomic or
climatic conditions were often facilitated by variations in the age at marriage and the age of
entering parenthood (Galloway, 1986; Lee, 1987, 1997), and similar variations have also been
documented in anthropological populations, especially—but not only—when the marriage
and first birth are closely tied to sexual and physical maturation that are subject to im-
portant variations caused by energy/food availability (Ellison, 1994; Menken, Trussel, and
Watkins, 1981; Udry and Cliquet, 1982). If this pattern has prevailed for a sufficiently long
time, evolutionary processes should have selected cognitive abilities and decision-making
rules that lead to an optimal age at first birth and an optimal progression to the second
child (Kaplan, Hill, Lancaster, and Hurtado, 2000; Kaplan and Lancaster, 2003). Moreover,
this selection should have favored flexible strategies for the level and timing of early fer-
tility in order to allow individuals to adjust their early fertility to new socioeconomic and
environmental conditions.

These selection pressures would appear to be especially potent for females. Males are
critically important to any broad model of human reproduction. However, the mechanisms
by which biological dispositions are adjusted by environmental contingencies are represented
most clearly in females. For example, the relation between nutrition or environmental
conditions and fecundity is most clearly documented for females (Ellison, 1994; Menken,
Trussel, and Watkins, 1981; Udry and Cliquet, 1982), which is related to the higher energy
requirements of reproduction for females than for males. This asymmetry also persists in
more modern contexts. For instance, a couples pregnancy would not necessarily influence a
fathers educational and/or career activity as fundamentally as it would the mothers. Trade-
offs between reproduction and career or education are more relevant for females than for
males. For these reasons, we focus most of our analyses in this paper on female fertility
where we expect stronger interactions between the relevance of genetic influences and the
specific socioeconomic or demographic context. While we do not in any sense wish to
ignore the male role in the process of reproduction, we will treat males–both in comparison
to females, and also as being of interest in and of themselves—in future work.

The initial decline of fertility in European societies during the late 19th and early 20th
century had a relatively modest effect on early fertility behavior and a substantial part of
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the reduction in the number of children was caused by stopping behavior, i.e., the limitation
of fertility within marriage after the desired number of children has been attained (Coale,
1986). The fertility decline during the demographic transition therefore implied more sub-
stantial transformations for ‘late’ than for ‘early’ fertility. In more recent decades, however,
this pattern has changed and the patterns of early fertility behavior have been substantially
transformed during the Second Demographic Transition. For instance, during the period
from 1960 to 1995, the mean age at first birth in Denmark increased from 23.1 to 27.5 years,
the proportion of out-of-wedlock births increased from 7.8 per cent to 46.5 per cent, and
cohabitation prior to marriage has become commonplace (Eurostat, 1998; Knudsen, 1993).
The cohorts born around 1945 experienced merely the beginning of this transformation in
early adulthood, as the youngest cohorts in our study (born 1968) faced a social and demo-
graphic context of early fertility that differed substantially from that experienced by their
predecessors born 23 years earlier.

Patterns of early fertility are therefore particularly interesting for investigating the in-
terplay between nature and nurture for at least three reasons. First, early fertility behavior
should have been subject to strong evolutionary selection because it is an important de-
terminant of complete fertility and fitness. Second, the determinants of early fertility have
been very flexible in order to provide a response mechanism to changes in climate and
socioeconomic conditions. Third, the dramatic changes in the socioeconomic context of
early fertility raise the questions of how these changes affected the relative contributions of
genetic and environmental to fertility variations within recent cohorts.

3.2 Data and methods

Our analyses of early fertility are based on a unique data set consisting of 4776 female
twin pairs from the Danish Twin Register (Kyvik, Christensen, Skytthe, Harvald, and
Holm, 1996; Kyvik, Green, and Beck-Nielsen, 1995) who were born during 1945–68. These
data include all female twin pairs born in Denmark between 1945 and 1968 whose twin
status and zygosity could be identified.2 The zygosity of same-sexed twins was determined
by four questions about the similarity of the twins in a twin pair as either monozygotic
(identical), dizygotic (fraternal) or of uncertain zygosity. The method has been shown valid
to determine the zygosity correctly in approximately 95 per cent of twin pairs (Hauge,
1981).3 The timing and level of early fertility in these cohorts has been established via
a link with the Danish Civil Registration System (CRS ) covering all births to these twin
cohorts through 31 December 1998.4,5 The fertility patterns of twins obtained from this
linkage does not differ between monozygotic and dizygotic twin pairs, and they corresponds
very closely with the fertility pattern of the Danish general population (Kohler, Knudsen,
Skytthe, and Christensen, 2002b). Moreover, these data are not subject to potential recall
errors or selective survey participation.

The availability of this population-based data on the timing and level of fertility of
Danish twins allows us to study the genetic influences on fertility with a specific consid-
eration of (i) differences between cohorts and (ii) interactions between the socioeconomic
environment of fertility decisions and the relevance of genetic influences. However, any
fertility measurement at a constant age is not necessarily a comparable indicator of early
fertility across cohorts due to the fact that there has been a widespread and substantial
postponement of fertility. We therefore standardize for the postponement of childbearing
by choosing a definition of early fertility relative to the fertility behavior in each cohort. In
particular, we consider in our analyses the following two measures of early fertility: (a) an
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early onset of fertility, defined as having a child by the age (in complete years) when only
12.5 per cent of a cohort have experienced fertility, and (b) the level of early fertility, defined
as the number of children at the age at which 25 per cent of cohort members have had a
first child. These indicators are not affected by the delay in childbearing and they reflect
the same notion of early fertility across cohorts: an early onset of fertility indicates that a
woman belongs to the first in her birth cohort who have any children, and the level of early
fertility indicates that a woman has relatively many children early in life as compared to her
cohort mates. The primary difference between the above indicators is that the level of early
fertility is measured at an age of 21–25 years, that is, on average about 2 years later than
the measurement for an early onset of fertility. This difference is potentially important since
fertility behavior at these slightly older ages reflects to a larger extent conscious fertility
and marriage decisions, and it is less affected by a potentially unwanted early birth.

[Table 1 about here.]

The summary statistics in Table 1 show that the age at which 12.5 per cent of a cohort
have experienced fertility increases from 19 years (for the cohort born in 1945) to 22 years
(for the cohort born in 1968). The age at which 25 per cent of a cohort have experienced
fertility increases from 21 years (for the cohort born in 1945) to 25 years (for the cohort born
in 1968). Mean fertility at this age is .36 (SD = .63) with no systematic differences across
cohorts. Moreover, less than one percent of individuals have three or more children by this
age, so that the primary variation occurs between zero, one and two children. Polychoric
correlations for this level of early fertility slightly decline for DZ twins and markedly increase
for MZ twins (Table 1). In particular, the correlations for DZ twins in the cohorts born
1945–52, 1953–60, and 1961–68 are respectively .420, .379 and .341, and the corresponding
correlations for MZ twins are .326, .545 and 0.578.6

Because the fertility measures in our data are either binary (‘having an early onset of
fertility birth’) or concentrated on 0, 1, 2 children (‘level of early fertility’), the standard
methodology in twin studies for continuous outcomes (DeFries and Fulker, 1985; Kohler and
Rodgers, 2000; Neale and Cardon, 1992) is not optimally suited for our purpose. For this
reason we choose a different methodology developed for the analysis of binary and ordered
outcomes (Kohler and Rodgers, 1999) that is based on bivariate (ordered) probit models. On
the basis of this model we can estimate: (a) the degree of additive (or narrow) heritability
h2, reflecting the genetic influence on the variation of a phenotype, and (b) the extent of
shared-environment effects c2, which reflect the degree to which common environments lead
to a similarity among twins. Moreover, this estimation accommodates the fact that it is
more appropriate to think of the latent ‘propensity’ for a specific outcome, instead of the
outcome variable itself, when a phenotype is binary or concentrated on a few realizations.
(see Appendix A.1 for a more detailed discussion of this latent variable model for twin
studies)

Conceptually the application of these bivariate (ordered) probit models is similar to
the analyses with polychoric correlations, with the additional advantage that our approach
provides a possibility to capture observed socioeconomic changes that affect the level and
timing of early fertility. Unfortunately, our register-based data do not include individual-
specific socioeconomic information about the twins. We therefore include separate birth-
year dummies among the right-hand side variable of our bivariate ordered probit model.
These dummy variables capture all cohort-specific influences that affect the timing and
level of early fertility for all members in a cohort. The shared environmental effect, c2,
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that is revealed by our estimation then reflects environmental influences that are shared by
members of a twin pair net of all environmental influences that are shared also by members
of the same birth cohort. It therefore measures the relevance of shared environments for
variation in early fertility within a birth cohort. All factors that lead to trends in the level
and timing of early fertility across cohorts will be captured by the cohort dummies and do
not enter the estimates of c2.

3.3 Results

Table 2 reports the estimated additive genetic variances (heritabilities, h2) and shared
environmental variances (c2) for our early fertility measures obtained from the above data.

[Table 2 about here.]

Early onset of fertility: Model 1 suggests that for females born during 1945–52 about 45
per cent of the variation in the factors leading to an early onset of fertility is due to shared
environmental effects. The estimates also suggest a virtual absence of heritable influences
for these cohorts. Shared family background and socialization thus constitute the most
important determinants leading to an early onset of fertility for females born during 1945–
52. These estimates for c2 and h2, however, reverse within merely 20 years. For the cohorts
1961–68, the estimate of c2 in Model 1 has declined by two thirds as compared to the oldest
cohorts. On other hand, the estimate for h2 has risen to 47 per cent. Hence, almost half
of the variation in the determinants leading to an early onset of fertility is due to genetic
factors. This result is confirmed by our second specification (Model 2) which yields a
positive coefficient for the interaction of h2 with birth year and a negative coefficient for the
interaction of c2 with birth year. Genetic factors therefore gain, and shared environmental
factors lose in importance for more recent birth cohorts (although the second interaction
is not significant in this model, the interpretation is confirmed below when we consider the
level of early fertility).

Level of early fertility: Model 3 in Table 2 reports the corresponding analysis for the
level of early fertility. The estimated coefficients for c2 and h2 reveal a pattern across cohorts
that is quite similar to the above analyses in Models 1–2: the influence of genetic factors
on variation in early fertility increases, and the influences of shared environmental factors
diminishes across cohorts born 1945–68. The same finding occurs also in Model 4 that
estimates interaction terms between the birth cohort and the coefficients of heritability
and shared environmental influence, c2 and h2. Because the estimated coefficient for h2

for the cohorts 1945–52 in Model 3 is negative and statistically nonsignificant, which is
consistent with the fact that the respective correlation in the level of early fertility for DZ
twins slightly exceeds that of MZ twins (see summary statistics in Table 1), we re-estimate
this model with no genetic component for these cohorts. The results of this best-fitting
behavior-genetic model are depicted in Figure 2.7

[Figure 2 about here.]

The results reported in Models 1–4 and in Figure 2 reveal a striking transformation in the
relative contributions of ‘nurture’ to ‘nature’ to the determinants of early fertility behavior:
For cohorts born 1945–52, shared environmental factors constitute the most important influ-
ence that leads to within-cohort variation in the level of early fertility, and heritable factors
are virtually absent. This pattern reverses for the cohorts 1961–68. Genetically-mediated
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differences among individuals emerge as the most important determinant of within-cohort
variation in the level of early fertility, and the influence of shared environmental factors
vanishes almost completely.

In additional analyses (Models 5 and 6 in Table 2) we measure the level of early fertility
at a constant age of 23 years instead of using a shifting age-limit as in Models 3–4 that
adjusts for the postponement of childbearing across cohorts. The comparison between these
two measurements of the level of early fertility provides a possibility to decompose the cohort
trends in c2 and h2 in Table 2 into (a) factors that are due to the postponement of fertility,
and (b) factors that change the relative importance of genetic and shared-environmental
influences on early fertility at a constant age. Our results show that the decline in the
relevance of shared environmental factors across cohorts is decreased if early fertility is
measured at a constant age. In particular, the fertility behavior of the cohorts 1945–52 is
subject to smaller shared environmental influences at age 23 as compared to Models 3 and
4. This change is expected because the most important source of shared environmental
influences, the parental household, is more separated in terms of age from the measurement
of fertility in Models 5 and 6, where fertility is measured at age 23, as compared to Model 3
and 4, where fertility is measured at ages ranging from 21 to 22 years. The most important
result of Models 5 and 6 is that the increase in the relevance of genetic influences for early
fertility behavior seems to be independent of the general postponement of fertility. This
increase also occurs if early fertility is measured at a constant age of 23 instead of relative
to the cohort fertility behavior.

In summary, the presence of strong genetically-mediated influences on early fertility in
the most recent cohorts in Table 2 supports the evolutionary argument that early fertil-
ity behavior may still be under selection pressure even in contemporary societies (Kirk,
Blomberg, Duffy, Heath, Owens, and Martin, 2000). In addition, this finding is also con-
sistent with the existing behavioral-genetic evidence on fertility precursors. For instance,
several studies have documented genetic influences on the onset of puberty, sexual behav-
ior, dating and marriage (Dunne, Martin, Statham, Sltske, Dinwiddie, Bucholz, Madden,
and Heath, 1997; Mealey and Segal, 1993; Rodgers, Rowe, and Buster, 1999; Rowe, 2000;
Treloar and Martin, 1990), on the desire for children and the desired age at first birth
(Kohler, Rodgers, and Christensen, 1999; Rodgers and Doughty, 2000; Rodgers, Kohler,
Kyvik, and Christensen, 2001b), as well as some personality characteristics like anxiety or
nurturance that are associated with an early fertility behavior (Miller, 1992; Miller, Pasta,
MacMurray, Chiu, and Comings, 1999). Despite this apparently ample evidence of genetic
influences on fertility precursors, there is little past evidence for heritability of early fertility.
An exception is the study Rodgers and Doughty (2000) that finds evidence for heritability
in fertility among U.S. adults in their early 20’s, although the patterns across age were
somewhat inconsistent (with significant heritabilities in the early and late 20’s, but little
heritability in the mid-20’s).

An important reason for this limited evidence about genetic influences on early fertility
may be the interaction of genetic influences with the societal context of early demographic
behavior. The Danish twin cohorts born 1945–68, which underlie our investigation of early
fertility, attained early adulthood during a period during which the societal context of
early demographic behavior was profoundly transformed as part of the Second Demographic
Transition. In the presence of strong social and normative influences of fertility and marriage
behavior, as well as in the presence of tight economic conditions that restrict individuals’
choices in early demographic behavior, genetic influences on fertility precursors may not
translate to genetic influences on fertility outcomes. In these situations the socioeconomic
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and cultural context of early fertility is likely to dominate in demographic outcomes. This
environmental pressure leaves little room for genetically-mediated differences to express
themselves in early fertility behavior. As a consequence, heritability h2 is low, while shared
environmental influences c2 are of considerable relevance. This “constraint” on genetic
influences exerted by the environment is likely to lessen during the second demographic
transition and the trend towards low fertility. For instance, Udry (1996, p. 335) predicted
this interaction between the importance of biological factors and the societal context argued
that low-fertility societies are better suited for studying biological factors: “Low-fertility
societies provide wide behavior choice. Where behavior choice is broad and opportunities
are egalitarian, biological variables, reflecting natural differences in behavioral dispositions,
explain increasing variations in behavior. Applications of this principle to demographic
research suggests that, increasingly, gendered behavior, fertility, contraception, abortion,
nuptiality, occupational choice and other behaviors of interest to demographers will be
influenced by biological choice.”8

Comparable analyses of the level of early fertility in male cohorts, which are not reported
here, yield a statistically significant estimate of .30 for heritability. The results thus indicate
that genetic influences on an early onset of fertility seem to be present also for males. At
the same time, we cannot conclusively support a time trend towards an increasing relevance
of genetic factors. Neither the main effect for shared environmental factors is statistically
significant in the different birth cohorts if we conduct the analyses in Table 2 for males, nor
are the differences between the heritability estimates h2 in the three cohorts. The results for
males therefore suggest the presence of genetic influences on an early onset of fertility, but
they do not suggest that these genetic influences are subject to a clear trend across cohorts.
We expand on these results for males—and a comparison between males and females—in
future research.

4 Compete Fertility (Cohorts 1870–1960)

4.1 Genetic influences on variation in complete fertility

In the subsequent analyses we shift our focus from early fertility to complete fertility using
cohorts born 1870–1960. The period spanned by these life-experiences of these cohorts
includes the fertility decline during the demographic transition, the baby boom and bust,
and the second demographic transition (see Section 2.1). Most importantly, this long-term
time series allows us to investigate whether the demographic changes during the last century
also affected the relative importance of socioeconomic and biological influences on fertility
behavior. In particular, these long-term analyses allow us to address the question of whether
this shifting relevance between ‘nurture’ and ‘nature’, which we have documented in the
previous section for early fertility, is a historically unique phenomenon in recent decades or
a phenomenon that has also occurred during earlier periods of rapid demographic change.

4.2 Data and methods

Our long-term analysis of heritabilities across cohorts combines different segments of the
Danish Twin Register. The first set of twins in our analyses was born during 1870–1910,
and these twins were interviewed at several times in the 1950–60s primarily for health
related issues (Hauge, 1981; Hauge, Harvald, Fischer, Gotlieb-Jensen, Juel-Nielsen, Raebild,
Shapiro, and Videbech, 1968). This part of our twin data has already been used in our earlier
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analyses (Kohler, Rodgers, and Christensen, 1999) and is reanalyzed here. The remaining
parts of our twin fertility data are analyzed for the first time. In particular, the second set
of twins is born during 1900–23 and these twins were interviewed as part of the Longitudinal
Study of Aging in Danish Twins (LSAD) in several surveys on health related aspects during
1995–97 (McGue and Christensen, 1997). These surveys asked about the number of children
ever born as part of the general socioeconomic background questions.9 The third part of
our twin data consists of twins born during 1931–44 who were interviewed in 1997 on a
wide range of health related issues and their socioeconomic determinants (Gaist, Bathum,
Skytthe, Jensen, McGue, Vaupel, and Christensen, 2000).10 The final part of the data
consists of cohorts 1945–60 for which the timing and level of fertility has been obtained
from a link with the birth registration covers all children born until the end of 1998 (see
Section 3.2).11

The dependent variable for our analysis is the number of children born to each twin. For
cohorts born before 1945, this fertility measure pertains to complete fertility. For cohorts
born after 1945, fertility is measured up to December 1998 and it is therefore ‘incomplete’
fertility for cohorts that had not finished childbearing as of 1998. Since our analysis is
restricted to cohorts born up to 1960, that is, cohorts who were 38 years or older in 1998,
the truncation of late fertility is not very relevant.

[Table 3 about here.]

Summary statistics about the sample composition and the fertility level of the twins are
reported in Table 3. The number of female twin pairs available for the analysis is clearly
largest for the early cohorts 1870–1910 and again for the post-war cohorts born after 1945.
For the interim years between 1910 and 1945 the data are somewhat sparse since the surveys
on health, which provide the fertility information used in our study, include only a sample
of all twin pairs in these cohorts. Across all cohorts included in our study, the fertility levels
of the twins in Table 3 correspond relatively well with the overall trends in fertility (see
Figure 1) and other known patterns about Danish fertility, such as the trend in childlessness
(Anderson, 1977; Knudsen, 1993; Matthiessen, 1970).

We estimate the heritability (h2) and common environmental variance (c2) via a ‘local
polynomial regression approach’ that builds on DeFries and Fulker (DF) analyses. The
latter have been proposed by DeFries and Fulker (1985) as a method of estimating h2 and
(c2) with twin data by a simple linear regression of a co-twin’s trait on the twin’s trait and
the degree of genetic relatedness. In particular, the ‘augmented DF-analysis’ estimates the
regression

w1j = β0 + β1w2j + β2Rj + β3Rjw2j , (1)

where wij is the trait value of twin i = 1, 2 in pair j, and Rj is the degree of genetic
relatedness of the twin pair. In this regression the coefficient β0 provides an unbiased
estimate for the shared environmental effect (c2) and the coefficient β3 provides an estimator
for the genetic influences (h2) on a trait.12 The ambiguity as to which twin’s trait should
be used as the dependent, and which as the independent variable, is frequently resolved
by using double-entry. Each twin pair is entered twice in the data, and each member of
a twin pair provides once the dependent and once the explanatory variable. In Kohler
and Rodgers (2000) we have established the correct asymptotic covariance matrix of the
coefficients obtained via this DF analysis with double-entry data.

The local polynomial regression approach is an extension of this method that allows for
the fact that the coefficients β0, . . . , β3 may not be constant over time or birth cohorts. As
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compared to other varying coefficient models (Hastie and Tibshirani, 1993), the local poly-
nomial regression approach is easily implemented and has very good asymptotic properties
(Fan and Gijbels, 1996). In particular, we denote as β(τ) = (β0(τ), β1(τ), β2(τ), β3(τ))′ the
coefficient vector that pertains to a particular birth cohort τ . Intuitively, the estimate of
this varying coefficient vector is obtained from the standard DF regression in Eq. (1) with
the addition that each term on the right-hand-side is interacted with the difference between
a twin pair’s birth year and the time point for which the estimate β̂(τ) is obtained. This
interaction term therefore allows for the possibility that each coefficient in the DF regression
Eq. (1) exhibits a cohort-trend. In order to allow for a flexible shape of this cohort trend,
the regression is locally weighted so that twin pairs that are born relatively close to the
estimation-year τ receive a larger weight than twin pairs that are born in years that are rela-
tively distant to τ . As a result, the locally weighted DF regression estimates a smooth curve
for each parameter of the DF regression (1). Our particular interest, of course, is focused
on the cohort trends of the estimates of heritability h2 and shared environmental influences
c2. (See Appendix A.2 for a more detailed discussion of local polynomial regression applied
to DF analyses.)

Two specifications of the genetic model can be distinguished and implemented with the
above DF-regression. The standard additive model assumes that many genes contribute
additively to a phenotype. In this case the coefficient of genetic relatedness Rj in Eq. (1)
equals 0.5 for DZ and 1 for MZ twins since fraternal twins share on average half and identical
twins all their genes. Dominance effects due to the interaction of genes at one locus of
the chromosome can be implemented in the estimation of the DF model by specifying a
coefficient of genetic relatedness that equals 0.25 for DZ and 1 for MZ twins. The coefficient
of heritability in these dominance models is denoted d2 and is interpreted similarly to h2.
Specific tests for the presence of dominance versus additive effects are only possible when
shared environmental influences can be dropped from the analysis (Waller, 1994), which
is not possible across all cohorts in our analysis.13 At the same time, an indication for
the presence of dominance effects is obtained when the analysis of the standard additive
model yields estimates for shared environmental effects that are negative. In this case, the
resemblance between MZ twins as compared to DZ twins is “too strong” in order to be
consistent with additive genetic influences, and the analysis should be re-estimated using
the dominance genetic influences.14

4.2.1 Results

Figure 3 displays the results obtained from the additive and dominance genetic model for
female twin cohorts born 1870–1960. The dashed-dotted line shows the fertility level for
the cohorts. With the exception of the first years, the cohorts follow the same fertility
trend as the general population in Figure 1: cohort fertility declines substantially during
the demographic transition and then increases slightly due to the post-war baby boom.
For cohorts born after 1940 the fertility level exhibits again a downward trend, and for
the youngest cohorts this is partially due to incomplete fertility. The full line in Figure 3
depicts the estimated heritability (h2) across birth cohorts, and the broken line displays
the corresponding estimates for the shared environmental effect (c2). The characters ‘c’
and ‘h’ at the bottom of the graph indicate when the estimated c2 and h2 is statistically
different from zero at the 10 per cent level. Because the estimates for c2 become negative
in the 1880s and after 1955, this suggests that a dominance genetic model may be more
appropriate for the analysis (the significance of this dominance effect is indicated by ‘d’ at
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the bottom of Figure
3b). This choice between the additive and dominance genetic model only affects the level

of the estimated coefficient for heritability and shared environmental influences, but not the
respective time trends. We therefore present the results of both the additive genetic model
(Figure 3a) and of the corresponding dominance genetic model (Figure 3b). In the Appendix
Table A.1 we also report standard DF regressions that estimate c2 and h2 separately for
different groups of cohorts, and provide significance tests for differences between these
cohorts.

[Figure 3 about here.]

Similar to our earlier study (Kohler, Rodgers, and Christensen, 1999), we find that
the ‘pre-transitional’ cohorts born during the 1870s are characterized by a low genetic
influence and a high shared environmental influence on fertility behavior.15 The relevance
of these shared environmental factors, however, fades over time and genetic factors gain in
importance as we encounter the cohorts with rapidly declining fertility who achieved the
early stages of the fertility decline during the demographic transition.

After a peak of these genetic influences around 1885, this pattern reverses. Shared
environmental factors regain in importance and genetic factors loose in relevance. While
our earlier study was only based on cohorts until 1910, the present analysis allows us to
observe this trend further. Female cohorts born until 1915 continue to be characterized by
low genetic and moderately strong shared environmental effects. In the 1920s this pattern
alters again. Genetic factors regain a dominant influence while shared environmental factors
fade. After 1945 we observe a renewed change towards an increasing relevance of genetic
and a diminishing relevance of shared environmental factors. This pattern also mirrors the
increase in the relevance of genetic variation in early fertility that we have found in Section
3.

It is noteworthy that the sum of genetic and shared environmental factors has remained
substantially constant in their influence on fertility across cohorts, as the two contributing
factors ‘nature’ and ‘nurture’ each differed individually. Across all cohorts born 1870–1960,
there has been relatively little change in the overall pattern that approximately 25–35 per
cent of the variation in complete fertility is attributable to the joint influence of genetic and
shared environmental effects. About 65–75 per cent of the variation in fertility therefore is
attributable to measurement error and non-shared environments of the twins, among which
marriage/cohabitation and the characteristics of the partner probably constitute important
elements. Although the combined influence of shared environmental and genetic factors on
within-cohort variation in complete fertility has therefore remained approximately constant,
the relative importance of these two factors was subject to important shifts. Our analyses
reveal that the birth years 1870–1960 contain cohorts for which genetic factors exerted a
strong effect on within-cohort variation in fertility, while in other cohorts shared environ-
mental factors are primarily responsible for this variation. This shifting relevance between
‘nature’ and ‘nurture’ indicates important interactions between a cohort’s socioeconomic
and demographic context during the prime ages of childbearing and the relevance of genetic
factors in variation of fertility between individuals.
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5 Between Nurture and Nature: The Remarkable Shifts in
the Determinants of Female Fertility over Time

The first part of our study shows that early female fertility behavior—that is, fertility
behavior up to ages 25—has been subject to an important transformation in merely a
quarter of a century: shared family background and socialization are consistent with about
50 per cent of the variation in early fertility for females born 1945–52, while heritable
influences contribute about 50 per cent of the variation in female cohorts born 62–68.
Genetic influences are almost absent for the former cohorts, and shared environmental
factors are of only small relevance for the latter cohorts. The second part of our study
provides a long-term perspective on these changing contributions of genetic and shared
environmental factors, and focuses on the complete fertility of twins born during a period
that ranges almost one century from 1870 to 1960. The analyses suggest that the joint
influence of shared environmental and genetic factors on within-cohort variation in complete
fertility has remained remarkably stable across cohorts 1870–1960 and contributes to about
25–35 per cent of the total variance fertility. However, the relative contributions of ‘nature’
and ‘nurture’ shift across cohorts. In particular, we find that shared environmental effects
are relevant for the fertility of female cohorts born in the 1870s, while genetic factors do
not seem to be an important determinant. This pattern changes quite drastically as cohorts
participate in the demographic transition. Genetic factors attain their highest influence for
cohorts born around 1885, while shared environmental factors loose their importance. As
we encounter cohorts born at the beginning of the 20th century, the relative roles of ‘nature’
and ‘nurture’ reverse again and shared environmental factors constitute the most important
element. For birth cohorts born in the 1920s, there is a renewed reversal and genetic factors
temporarily extend their influence. Starting with cohorts born in the 1950s, we observe a
renewed and marked increase in the relevance of genetic factors for variation in complete
fertility, following a similar pattern as is found for early fertility, and a slow decline in the
importance of shared environmental factors.

Although the evidence is necessarily indirect and demands further investigation, the
above shifts between ‘nurture’ and ‘nature’ suggest a systematic interdependence between
demographic trends, the socioeconomic context of cohorts, and the relevance of genetic
influences during the last century. The absence of genetic, and the relevance of shared
environmental influences in the oldest cohorts is consistent with theoretical predictions. In
particular, evolutionary theories predict a small relevance of genetic variation in fertility
in pre-transitional societies (Fisher, 1930), compared to many demographic theories that
suggest social and normative influences on fertility that should be relatively strong (e.g.,
Lesthaeghe, 1980). As the demographic transition progresses, these social restrictions re-
lax, and the socioeconomic conditions in general facilitate a wider choice of demographic
behavior that includes the conscious control of marital fertility. This changing context of
fertility decisions apparently leads to a fading of shared environmental influences, and an
emergence of strong genetic influences on fertility behavior. For female cohorts that are
born after 1890, shared environmental factors regain influences. We think that this is re-
lated to the fact that the early adult life experiences of these cohorts were severely affected
by the various political and economic difficulties in the first half of the 20th century. In
these difficult periods the relevance of shared environment may have reemerged in a differ-
ent form: economic and political crises lead to an overall lower fertility level, and also to an
greater restriction of demographic choices by socioeconomic conditions. Hence, the number
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of children may have become more dependent on the immediate social environment, such as
the economic conditions of the parental household, which in turn is reflected in an increased
relevance of shared environmental factors in our study.

Consistent with this interpretation is the fact that genetic influences are strengthened
for cohorts born around 1920, which are the cohorts that gave birth to a large extent during
the post-war baby boom and caused the rapid increase in the total fertility rate in the late
1940s. In our opinion, the resolution in the earlier social and economic crises reflects itself
not only in an increased fertility rate in general. The increased behavioral choices also
favored the re-emergence of genetic influences on fertility decisions. This effect, however,
has been short-lived—similar to the peak of the baby boom itself—and cohort born after
1945 are characterized by ‘only’ moderate genetic influences and moderately strong shared
environmental effects.

The most recent shift between ‘nurture’ and ‘nature’ occurs for female cohorts born after
1945. In particular, our study documents an increase in the relevance of genetic factors for
variation in both early fertility behavior and complete fertility. The cohorts who are affected
by this shift have experienced and facilitated the Second Demographic Transition with a
substantial postponement and reduction of fertility, a rise of out-of-wedlock childbearing,
and the emergence of cohabitation as the most common partnership form for young adults.
This process increased not only the range of demographic choices and other life-course
alternatives that are available to individuals in younger cohorts, but it also implied an
increasing individualization of demographic behavior (Lesthaeghe, 1983; van de Kaa, 1987).
It seems that this context of individualistic decisions among a broad range of demographic
alternatives in the most recent cohorts facilitated the emergence of genetic influences on
early female fertility: the increased behavioral ‘freedom’ in demographic behavior is again
associated with the re-emergence of strong genetically-mediated within-cohort variation in
fertility.

A reviewer of this paper suggested a related but slightly different interpretation, which
also deserves consideration. The reviewer referred to the shifts in c2 and h2 as an “os-
cillator,” and suggested that this oscillator is “an important human adaptive strategy for
maximizing reproductive success during environmental perturbation.” To extend the idea,
the reviewer suggested that when the environment changes in ways that preclude reliance
on learning and cultural transmission of behaviors, then innate responses must be neces-
sarily be broad and variable. The reviewer concludes, ”Not everyone will act correctly, but
high individual variability will maximize the possibility of some subset of individuals giving
the adaptive response.” In this perspective, it makes sense that genetic variance would be
latent and unobservable in settings with low social choice, but would emerge and become
measurable—especially for beginning childbearing in the first place—at times when there
are a broad range of social choices.

In summary, the present study documents on the basis of unique twin data obtained from
almost one century of birth cohorts that there seems to be a systematic relation between
the relevance of genetic influences on fertility and the socioeconomic context of cohorts. In
periods when fertility decisions are most deliberate, and when social norms and economic
conditions allow a broad range of life-course alternatives, the heritability of female fertility
is high and shared environmental effects fade in relevance. This pattern strongly supports
the recent arguments, also within the sociological literature (e.g., Morgan and King, 2001;
Udry, 1996), that the understanding of genetic influences—and more generally also evolu-
tionary and other biological influences such as hormones—should become an increasingly
relevant aspect in the analysis of contemporary fertility behavior. Moreover, our study
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also demonstrates that only the integration of sociological approaches, which focus on en-
vironmental influences on behavior, and biological approaches, which focus on biologically
mediated variation in a trait, is likely to disentangle the complex web of how social and
biological factors interact in order to shape contemporary behavior.
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A Appendix

A.1 Bivariate (ordered) probit model for estimating heritability and shared
environmental influences in early fertility

The bivariate (ordered) probit model used in Section 3 for the estimation of heritability is
specified as follows (see also Kohler and Rodgers, 1999): n∗ij is a latent scalar measuring the
propensity to have children with n∗ij = xijβ + εij , where i = 1, . . . , N denotes twin pairs,
j = 1, 2 denotes twins within twin pairs, xij is a 1 ×K1 vector of covariates, and εij is a
normally distributed random term which is independent across twin pairs but correlated
within pairs. The observed variable nij equals 0, 1, . . . , ω if the latent variable n∗ij falls
into the intervals (−∞, c1], . . . , (cω,∞), where c1, . . . , cω are estimated cut points and ω +1
is the number of categories. The bivariate probit model is a special case with only two
categories and ω = 1. The correlation of the random terms εi1 and εi2 within twin pairs is
specified as ρi = δ1 + δ2Ri, where Ri is the genetic relatedness of twin pair i. The model is
estimated via the maximum likelihood estimation given in Kohler and Rodgers (1999). The
coefficients δ1 and δ2 yield estimates for the shared environment effect c2 and the genetic
effect h2 respectively, while the coefficient β estimates the influence of the covariates xij on
the mean realization of a trait.

A.2 Local polynomial regression for estimating heritability and shared
environmental influences in complete fertility

Formally, the local polynomial regression that is used in Section 4 for estimating heritability
and shared environmental influences in complete fertility is specified as follows. We first
define as β(τ) = (β0(τ), β1(τ), β2(τ), β3(τ))′ the coefficient vector in the DF model (see
Eq. 1) that pertains to a particular birth cohort τ . In addition, we define as δ(τ) = ∇τβ(τ)
the first derivative of the coefficient vector β(τ) with respect to the time τ . An estimate for
the ‘local’ value of the parameter β(τ) along with an estimate for the first derivative δ(τ)
can be obtained by a weighted regression that solves

(β̂(τ), δ̂(τ)) = arg min
∑

j

∑2

i=1
[(yij − x̃ij(τ)β(τ))2K((tj − τ)/s)], (2)

where yij is the trait (fertility, in our case) of twin i within pair j, and K(.) is a kernel
function that determines the weight a twin pair j receives in this regression based on the
smoothing parameter s, the birth year tj , and the year τ for which the parameter β̂(τ) is
estimated. The vector x̃ij(τ) contains the co-twin’s trait interacted with both the genetic
relatedness of a twin pair and the difference between twin j’s birth year and the cohort τ
for which the parameter β(τ) is to be estimated. This difference is given by (tj − τ).
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In particular, the vector x̃ij(τ) for twin 1 in a pair is given by x̃1j(τ) = (1, w2j , Rj ,
Rj ·w2j , tj − τ , w2j · (tj − τ), Rj · (tj − τ), Rj ·w2j · (tj − τ)). This vector is identical to the
right-hand-side variables included in the DF-regression in Eq. (1), with the exception that
every term is also interacted with (tj − τ) that measures the difference between a twin’s
birth year and the year τ for which the parameter β(τ) is estimated. The corresponding
vector x̃2j(τ) for the second twin within a pair is defined identically with only the indices
‘1’ and ‘2’ reversed. The statistical properties of these estimators are given in the statistical
literature (e.g., Fan and Gijbels, 1996). In our application to twin data, we additionally
adjust the variance estimator for the fact that our analysis were based on double entry twin
data (Kohler and Rodgers, 2000). The estimates can be implemented with any statistical
package that included weighted OLS regressions.

The statistical literature on these estimators also contains a relatively complicated dis-
cussion on how the weighting function K((tj−τ)/s), and in particular the parameter s that
determines the extent of smoothing, are optimally chosen. Since the proposed methods
are not easily implemented with our data, and since these data-driven methods are often
only an addition to a more intuitive specification of s, we estimated the above regression
using several choices for s and then select a value which provided a good trade-off between
reducing the bias in the local estimation of β̂(τ) and the need to obtain estimators with
an acceptable variance. The results which we discuss in the next section, however, are not
very sensitive to the choice of s, and the specification of this smoothing parameter is not a
critical choice in our analyses. The analyses reported below are based on a normal kernel
K(.) and a smoothing parameter s = 8.

[Table 4 about here.]
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Notes

1The reader should understand that the word ‘influence’ in the behavior genetic literature
is intended to convey the notion of overlapping variance. While other disciplines might be
inclined to interpret this language as implying a strong causal connection, that is not our
intention. To say that there is ‘genetic influence’ or ‘environmental influence’ means that
the model identified variance from these domains overlapping with phenotypic variance,
including variance from both direct causal and also correlational sources.

2This implies that the twins had to be alive in April 1968 when the Central Person
Register was introduced in Denmark. Since mortality in infant and teenage years after
WWII was already very low in Denmark, almost all twin pairs are represented in the twin
register.

3Misclassification of either type will bias heritability coefficients in a negative direc-
tion. Misclassifying MZ twins as DZ will inflate the DZ correlation, and misclassifying DZ
twins as MZ will deflate the MZ correlations. In both cases, the result is a convergence of
the MZ–DZ correlations, which results in an (artificially) lower heritability. Alternatively,
mis-classification of either type will also act to bias c2 in a positive direction, with misclas-
sification of DZ twins as MZ having a greater positive bias on c2 than misclassification of
MZ as DZ.

4A birth is included if the maternal reference in the Danish CRS is to the Twin Register.
Still-born children are not included in the data set, because no Personal Number is assigned
to them. The links in the CRS between children and mothers represent the legal parenthood,
and the register contains no information about the biological parents of adopted children.
However only about 1.2 per cent of the children born in the study period are adopted
according to the official statistics, and this proportion is likely to be much lower for early
fertility. A further description of the data linkage and the Danish twin register is contained
in Kohler, Knudsen, Skytthe, and Christensen (2002b).

5It is also worth noting that there seem to be no differences in the fecundity between
female MZ and DZ twins and neither between twins and singletons (Christensen, Basso,
Kyvik, Juul, Boldsen, Vaupel, and Olsen, 1998)

6Because the DZ twin correlation for the first set of cohorts exceeds that of MZ twins,
we will argue below that a behavior genetic model with no shared environmental effects for
these cohorts is most appropriate.

7The analyses of early fertility in Table 2 assumes an additive genetic model. Theoretical
arguments suggest that the additive genetic variance in traits like fertility, which are highly
relevant for fitness, should be reduced by natural selection over time. Remaining genetic
effects are then mainly due to dominance effects in which genes at one locus of the chromo-
some interact, rather than add up, to affect behavior (for a discussion of Fisher’s FTNS see
Section 2.3 and Rodgers, Hughes, Kohler, Christensen, Doughty, Rowe, and Miller 2001a).
In the presence of such dominance effects, the resemblance between parent and children
or between ordinary siblings is relatively weak despite the presence of strong genetic influ-
ences on a behavior. Consistent with this hypothesis, studies of fecundity (measured by the
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waiting time to pregnancy) and the age at menarche or have found the presence of non-
additive genetic influences (Christensen, Kohler, Basso, Olsen, Vaupel, and Rodgers, 2003;
Treloar and Martin, 1990). Similar reasoning would suggest the presence of nonadditive
factors also in early fertility. Tests for such non-additive genetic factors with twins who are
raised together is possible only if the shared environmental factors can be dropped from
the model. In this case, the behavior genetic model can be re-estimated by constraining
the c2 coefficient to zero and introducing an additional coefficient that captures dominance
effects. In particular, dominance effects imply a genetic relatedness of 1 between MZ twins
and of .25 for DZ twins (instead of .5 for DZ twins in the presence of additive genetic ef-
fects). Because the coefficient c2 is not statistically significant in Model 5–6 for the cohorts
1961–68, we have re-estimated these models for the cohorts 1961–68 allowing for additive
and dominant genetic effects (but no shared environmental effects). The results, however,
do not suggest the presence of dominance influences and we cannot empirically support the
argument that nonadditive genetic factors constitute important differences in individuals’
level of early fertility.

8Similar arguments suggesting interactions between the social context and the impor-
tance of genetic (or biological) influences on behavior have also been proposed in the evolu-
tionary anthropology literature (see for instance Borgerhoff Mulder, 1992 or Voland, 1998)
as well as in the psychological literature (see for instance Rutter, Dunn, Plomin, Simonoff,
Pickles, Maughan, Ormel, Meyer, and Eaves, 1997; Rutter, 1997).

9Most twins in this LSAD sample were born after 1910, but this survey includes some
additional twins that overlap with the birth-cohorts of the first data.

10Actually, this survey included twins born until 1952. For twins born after 1945, however,
more complete fertility information is obtained from the linkage with the birth register (see
Section 3.2)

11The zygosity of all twins included in our analyses and in the Danish Twin Register has
been ascertained using questions about similarity, which has been shown to determine the
zygosity correctly in approximately 95 per cent of the twin pairs (Hauge, 1981).

12Although the initial development of the DF method focused on selected twin data in
which one member of each pair is a proband with a particularly high or low value of a
trait, the method has subsequently been generalized to include random samples of twins
(Cherny, Cardon, Fulker, and DeFries, 1992; LaBuda, DeFries, and Fulker, 1986; Rodgers
and McGue, 1994).

13For a related discussion of dominance genetic effects, see also footnote 7.

14It can also be that part of these dominance effects are due to effects of assortative
mating, which may appear in the analyses just like nonadditive genetic effects (Plomin,
Defries, and Mclearn, 1997, p. 144).

15The estimates for c2 become statistically significant if the low estimates for genetic
influences, h2 or d2, are constrained to zero.
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Table 1: Summary statistics for early fertility in the female twin cohorts and within twin
pair correlations in fertility outcomes

Cohorts 1945–52 1953–60 1961–68
N (number of twin pairs) 1321 1165 1790
Fertility measure Early onset of fertility

Age limit 1 (age at which at least 12.5% 19–20 20–21 21–22
of a cohort had a first child)a

Prop. with at least one child at age limit 1 0.146 0.151 0.151
Within-pair correlationb

DZ twins 0.435 0.437 0.391
(.30–.55) (.30–.56) (.27–50)

MZ twins 0.416 0.542 0.611
(.22–.59) (.37–.69) (.49–.71)

Fertility measure Level of early fertility
Age limit 2 (age at which at least 25% b,c 21–22 22–23 23–25

of a cohort had a first child)a

Prop. with at least one child at age limit 2 0.295 0.275 0.286
Fertility level at age limit 2c 0.372 0.359 0.368

(.623) (.604) (.644)
Within-pair corr. of fert. levelb

DZ twins 0.420 0.379 0.341
(.33–.50) (.27–.48) (.25–.43)

MZ twins 0.326 0.545 0.578
(.18–.46) (.42–.65) (.49–.65)

Notes: (a) The calculation of the age limits 1 and 2 is specific for each birth year, and it is based
on twins born within ±2 years of each birth cohort during 1945–68. The calculation of these age
limits is in full years of age; (b) Polychoric correlation and 95% confidence intervals estimated with
categories 0 and 1 (early onset of fertility) and 0, 1, 2 or more children (level of early fertility); (c)
Standard deviations in parentheses.
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Table 2: Estimated heritability (h2) and shared environmental effects (c2) for early fertility
behavior

Fertility measure Early onset of Level of early fertility
fertility

Dependent variable First child Number of Number of
before (≤) children at children at
age limit 1a age limit 2b age 23

Method Bivariate Probitc Bivariate Ordered Bivariate Ordered
Probitc,d Probitc,d

Model 1 Model 3 Model 5
c2 cohort 1945–52 0.445 0.489 0.276

(0.159)** (0.116)** (0.099)**
c2 cohort 1953–60 0.315 0.190 0.225

(0.161)* (0.119) (0.117)+

c2 cohort 1961–68 0.143 0.058 0.003
(0.132) (0.095) (0.106)

h2 cohort 1945–52 -0.038 -0.148 0.116
(0.231) (0.171) (0.139)

h2 cohort 1953–60 0.219 0.353 0.306
(0.216) (0.155)* (0.153)*

h2 cohort 1961–68 0.471 0.517 0.588
(0.165)** (0.117)** (0.130)**

Tests for c2 coefs – g, h f
Tests for h2 coefs f, i g, h, i, j g, h, j

Model 2 Model 4 Model 6
c2 (cohort 1956-57) 0.297 0.245 0.164

(0.087)** (0.063)** (0.062)**
c2 × (birth-year−1956.5)e -0.016 -0.021 -0.010

(0.012) (0.009)* (0.008)
h2 (cohort 1956-57) 0.225 0.242 0.338

(0.118)+ (0.086)** (0.081)**
h2 × (birth-year−1956.5)e 0.027 0.031 0.020

(0.016)+ (0.011)** (0.011)+

Notes: Standard errors in parentheses. p-values: + p ≤ 0.10; * p ≤ 0.05; ** p ≤ 0.01. (a) Age
limit 1 is the age (in complete years) at which at least 12.5 per cent of a cohort have had a first
child; see Table 1 for summary statistics. (b) Age limit 2 is the age (in complete years) at which
at least 25 per cent of a cohort have had a first child; see Table 1 for summary statistics. (c) The
model includes dummies for each birth-year in order to account for possible cohort effects. (d)
The categories are 0, 1, 2 or more children. (e) 1956.5 is subtracted from birth year so that the
main effects for c2 and h2 pertain to the “middle cohort” cohort that is born during 1956–57. (f)
The coefficients for the cohorts 1945–52 and the cohorts 1961–68 are statistically different at a 7.5
per cent or higher significance level. (g) The coefficients for the cohorts 1945–52 and the cohorts
1961–68 are statistically different at a 1.5 per cent or higher significance level. (h) Equality of the
coefficients for the three sets of cohorts is rejected at a 5 per cent or higher significance level. (i)
The estimates for c2 and h2 are statistically different at a 2.5 per cent or higher significance level
for the cohorts 1945–52. (j) The estimates for c2 and h2 are statistically different at a 2.5 per cent
or higher significance level for the cohorts 1961–68.
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Table 3: Summary statistics for complete fertility in twin cohorts 1870–1960 (female twin
pairs only)

Cohorts 1870–1910 1911–23 1931–44 1945–60
N (No. of twin pairs) 2009 392 382 2486
Proportion monozygotic 0.36 0.39 0.53 0.35
Proportion with at least one child 0.68 0.81 0.91 0.79
number of childrena 2.30b 2.25 2.31 1.69

(2.56) (1.80) (1.26) (1.19)
Within- twin pair correlationc

of fertility
DZ twins 0.19 0.22 0.24 0.17
MZ twins 0.29 0.33 0.31 0.29

Notes: (a) Standard deviation in parentheses. (b) The number of children averaged across all twin
pairs in the cohort 1870–1910 is relatively low because of the asymmetric distribution of twin pairs
across cohorts: there are many more pairs in cohorts with already low fertility. An estimate of the
trends in cohort fertility during 1870–1910 is included in Figure 3; (c) Pearson correlation coefficient.
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Table A 1: DF-analysis for the number of children in twin pairs 1870–1923 (additive genetic
model). Column 2 reports the estimated c2 and h2 coefficients, and columns 3–5 report the
p-values of tests for equality of the estimated c2 and h2 coefficients between different cohorts.

Estimated coefficient p-value of test for
based on DF equality with cohort

analysis
‘old’ cohorts 1881–95 1896–1915 1916–23
c2 (cohorts 1870–80) 0.242 0.17 0.87 0.23

(0.205)
c2 (cohorts 1881–95) -0.099 – 0.07 0.96

(0.139)
c2 (cohorts 1896–1915) 0.206 – – 0.16

(0.094)*
c2 (cohorts 1916–23) -0.089 – – –

(0.190)
h2 (cohorts 1870–80) -0.041 0.13 0.76 0.20

(0.268)
h2 (cohorts 1881–95) 0.455 – 0.07 0.93

(0.184)*
h2 (cohorts 1896–1915) 0.050 – – 0.17

(0.125)
h2 (cohorts 1916–23) 0.428 – – –

(0.244)+

‘young’ cohorts 1945–54 1955–60
c2 (cohorts 1931–44) 0.167 0.73 0.35 –

(0.207)
c2 (cohorts 1945–54) 0.090 – 0.28 –

(0.081)
c2 (cohorts 1955–60) -0.047 – – –

(0.098)
h2 (cohorts 1931–44) 0.136 0.93 0.36 –

(0.237)
h2 (cohorts 1945–54) 0.160 – 0.21 –

(0.116)
h2 (cohorts 1955–60) 0.388 – – –

(0.138)**
Notes: Standard errors in parentheses. p-values: + p ≤ 0.10; * p ≤ 0.05; ** p ≤
0.01.
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