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Abstract A large body of literature has demonstrated a positive relationship between
education and age at first birth. However, this relationship may be partly spurious
because of family background factors that cannot be controlled for in most research
designs. We investigate the extent to which education is causally related to later age at
first birth in a large sample of female twins from the United Kingdom (N = 2,752). We
present novel estimates using within–identical twin and biometric models. Our findings
show that one year of additional schooling is associated with about one-half year later
age at first birth in ordinary least squares (OLS) models. This estimate reduced to only a
1.5-month later age at first birth for the within–identical twin model controlling for all
shared family background factors (genetic and family environmental). Biometric analyses reveal that it is mainly influences of the family environment—not genetic factors—
that cause spurious associations between education and age at first birth. Last, using data
from the Office for National Statistics, we demonstrate that only 1.9 months of the 2.74
years of fertility postponement for birth cohorts 1944–1967 could be attributed to
educational expansion based on these estimates. We conclude that the rise in educational
attainment alone cannot explain differences in fertility timing between cohorts.
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Introduction
A large body of literature from the United States and Europe has documented a positive
relationship between higher educational attainment and later age at first birth of women
(e.g., Gustafsson et al. 2002; Lappegård and Rønsen 2005; Martin 2000). Researchers
have argued that this relationship is causal and can account for the rise in the mean age
at first birth during the educational expansion of the second half of the twentieth
century in Western countries (Balbo et al. 2013; Ní Bhrolcháin and Beaujouan 2012).
However, research has also cast doubt on the idea of a causal effect of education on the
age at first birth, suggesting that family background characteristics (social and/or
genetic factors) cause spurious associations between educational attainment and fertility
timing of women (Neiss et al. 2002; Rodgers et al. 2008). Social stratification research
has indicated considerable similarity between parents and siblings in education and
socioeconomic attainment (Branigan et al. 2013; van Doorn et al. 2011) and in fertility
behavior (Murphy 1999; Rijken and Liefbroer 2009). The similarity/intergenerational
transmission may be due to parental socioeconomic resources and/or socialization
processes (Nisén and Myrskylä 2014; Rijken and Liefbroer 2009) but also to shared
genetic dispositions given the sufficient evidence for a genetic component for both
outcomes (Branigan et al. 2013; Mills and Tropf 2015).
Our study contributes to the literature addressing the following three questions. First,
does education indeed have a causal effect on age at first birth? Second, to what extent
can the postponement of age at first birth during the second half of the twentieth
century be explained by the simultaneous educational expansion? Third, to what extent
are (social) environmental family background and/or genetic factors responsible for the
observed relationship between education and age at first birth?
To answer these questions, we present within-twin models (with identical twins) and
engage in biometric modeling of the link between education and age at first birth in
order to disentangle a possible causal relationship from genetic and environmental
confounders in a large sample of twins from the UK. Next to quasi-experimental study
designs, within-twin designs offer an approach to causality. Quasi-experimental designs
(McCrary and Royer 2011; Skirbekk et al. 2006) use exogenous factors, such as
changes in compulsory school laws, which influence education but are supposed to
be independent from fertility to investigate the causal effect of education on fertility.
The within-twin approach, in contrast, controls for all factors shared among siblings,
including genetic material, by using identical twins as a natural experiment (Kohler
et al. 2011). The experiment is that the twins differ in levels of education but not in their
genetic makeup or their family environment. To the extent that the family background
(social and/or genetic factors) is a common cause for education and age at first birth,
standard regression models result in biased estimates, whereas within-twin estimates
remain unbiased (Amin et al. 2015).
The within–identical twin approach is of particular interest for three reasons. First, as
mentioned earlier, we expect that most of the unobserved factors that are important for
education and fertility timing are related to the family of origin, which can be controlled
for in twin studies (Branigan et al. 2013; Mills and Tropf 2015). Second, the within–
identical twin design can use variation across all levels of education, whereas (for

Education, Fertility Postponement, and Causality

73

example) quasi-experimental studies on changes in school laws have mostly relied on
variation at a particular (mostly lower) level of education (see also Amin et al. 2015).
Third, comparing fraternal and identical twins allows a quantification of the contribution of genetic and environmental influences for a specific trait, as in classic twin and
behavior genetics modeling (Rodgers et al. 2001, 2007). Kohler et al. (2011) recently
developed a model that formally integrates the two approaches: the within–identical
twin regression model and the behavior genetics model. This so-called ACE-beta
model represents a parsimonious solution to identify causality in a bivariate association
and simultaneously evaluate the importance of genetics and shared environmental
influences from the family.
Demographic research should strive to connect the individual and population
level (Billari 2015). We therefore combine our findings at the micro level with
nationally representative data from the Office for National Statistics (ONS) to
evaluate whether the causal effect of education explained age at first birth trends at
the population level. This goal is important, not only to understand past fertility
trends, but also to assess the potential to anticipate future fertility development
based on changes in educational level given that education has gained importance
in fertility forecasting (Lutz et al. 2014). Furthermore, in the UK, the trend in age
at first birth was U-shaped during the mid-century (Hobcraft 1996), whereas
educational expansion increased steadily (Oreopoulos 2006). These differential
trends motivate a closer inspection of the relationship in different birth cohorts.
We therefore also present analyses separately for birth cohorts born before and
after World War II (WWII).
The current study builds on and extends previous research in a number of ways.
First, we apply the new ACE-beta model to study the link between education and age at
first birth in a large sample of 2,752 twins from the TwinsUK, which is the largest adult
twin register in the United Kingdom (Moayyeri et al. 2013), offering a larger sample
size than was available to earlier research.
Second, previous investigations of the causal link between education and age at
first birth in family designs showed mixed results, some confirming a causal
relationship (Amin and Behrman 2014; Nisén et al. 2013) and some not (Neiss
et al. 2002; Rodgers et al. 2008). However, these studies also used different
analytical strategies, applying within–identical twin models (Amin and Behrman
2014), standard behavior genetics models (Nisén et al. 2013), and complex
structural equation models (SEM) (Neiss et al. 2002; Rodgers et al. 2008). To
decipher this puzzle, we present within–identical twin models as well as the ACEbeta model, which simultaneously estimates the causal effect and quantifies family
environmental and genetic influences on the education-fertility relationship in a
parsimonious SEM (Kohler et al. 2011).
Third, the UK is a particularly interesting case to study. Comparative studies within
Europe suggest that the effect of education on age at first birth is relatively strong in the
UK (Gustafsson et al. 2002; Rendall et al. 2005). A recent investigation by Ní
Bhrolcháin and Beaujouan (2012) showed that in the UK between 1980 and 1999,
57 % of the postponement of the mean age at first birth could be attributed to longer
educational enrollment, and the remainder was due to additional, post-educational
postponement effects—that is, if we endorse the said causal relationship between
education and age at first birth.
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Background
Education and Fertility Timing
Women’s mean age at first birth steeply increased by as many as 4–5 years during the
second half of the twentieth century throughout Europe and the United States, and was
accompanied by an overall increase in educational attainment (Mills et al. 2011). For
example, in the UK between 1980 and 2000, the average age at first birth as well as age of
leaving full-time education increased by 1.4 years (Ní Bhrolcháin and Beaujouan 2012).
By comparing three UK birth cohort studies (1946, 1958, 1970), Joshi (2002) showed that
the percentage of women who were mothers by age 26 dropped from 81 % for those born
in 1946 to 30 % for the 1970 cohort. In all three birth cohorts, women with a tertiary
educational qualification were about half as likely to be mothers as women with no
educational qualifications. In the most recent 1970 cohort, only 1 in 10 higher-educated
women were mothers at age 26, compared with 6 in 10 for women without qualifications.
A number of causal mechanisms have been put forward to explain the association
between educational level and fertility timing (for an overview, see Balbo et al. 2013;
Mills et al. 2011). First, being enrolled in education itself may lead to postponement of
childbearing because combining student and mother roles is difficult, given that they
both entail time-intensive tasks. Women might delay childbearing because of the high
costs of child rearing and limited resources while enrolled in school, and social norms
might discourage parenting before the end of education (Hoem 2000; Lappegård and
Rønsen 2005). Second, education may increase people’s aspirations and ability to
pursue a career. Thus, women might further postpone childbearing until they are well
established in their careers, also implying higher opportunity costs of the transition to
parenthood given their greater human capital (e.g., Liefbroer and Corijn 1999). Furthermore, education might also change values and orientations toward more individualistic
lifestyles that seek fulfillment in life without children (Lesthaeghe 1995; van de Kaa
1987). Therefore, both educational enrollment and attainment may lead to postponing
childbearing (and reducing fertility). Reverse causality may play a role, too, because an
early age at first birth may disrupt further education, although this is presumably mainly
the case for unwanted teenage childbearing (Nisén and Myrskylä 2014).
This line of reasoning along with the often-observed micro-level association led
researchers to hypothesize that educational expansion in the UK explains the postponement of age at first birth (Ní Bhrolcháin and Beaujouan 2012). However, such an
interpretation is not straightforward for at least three reasons. First, the observed
macro-level association between education and age at first birth changed during the
past century; the simultaneous rise in age when leaving education and age at first birth
occurred only after WWII. Second, in addition to the overall rise in education, a number
of competing explanations exist for the rise in (female) age at first birth in developed
countries. Third, as we touch on earlier, the relationship between education and age at
first birth may be partly spurious. We now discuss these issues in more detail.
Changing Macro Trends
Comparative studies in Europe have indicated variability in the association between
education and age at first birth (Gustafsson et al. 2002; Rendall et al. 2005). More
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specifically, the association in the UK between education and age at first birth at the
population level changed during the past century. Age at first birth decreased after
WWII, with an accompanying steep increase in fertility—the so-called Baby Boom. At
the same time, educational attainment increased. The UK Education Acts lifted the
school-leaving age from 12 to 14 in 1918 and then from age 14 to 15 in 1944. As shown
by Oreopoulos (2006), within three years during the period 1945–1947, the percentage
of 14-year-olds leaving school fell from approximately 57 % to less than 10 %. Only
later that century, since the 1960s, has age at first birth increased—during the so-called
Baby Bust. Education further expanded during the second half of the twentieth century
with higher proportions of tertiary education particularly of women and trends in age
when leaving education and age at first birth ran parallel (Mills et al. 2011). Given the
reversing trends throughout the century, we hypothesize that a strict causal logic that
longer educational enrollment leads to later age at first birth may not apply.
Fertility Postponement: Alternative Explanations
Several alternative explanations mainly related to the introduction of the Pill have been
put forward to explain fertility postponement in developed countries during the twentieth century. Rising female labor force participation (e.g., Rindfuss et al. 2007),
ideational shifts in norms and values in sexual behavior and family planning of the
second demographic transition (Lesthaeghe 1995; van de Kaa 1987), and increasing
economic uncertainty (Andersson 2000) are associated with an increasing age at first
birth and might (partially) account for the postponement. The introduction of the Pill as
an effective contraception is seen as an important trigger of these mechanisms.
In the UK, especially changes in family norms and values, as well as economic
uncertainty and the introduction of the Pill provide alternative explanations for fertility
postponement during the last 50 years, which may operate together with or independent
of the educational expansion (Hobcraft 1996; Murphy 1993). To evaluate the extent to
which the educational expansion is responsible for fertility postponement and to avoid
ecological fallacy, we assess the causal effect of education on age at first birth at the
individual level and use these estimates for predictions at the population level on
nationally representative and independently collected data.
Critique of Education and Fertility Link
The association between education and age at first birth might be in part spurious
because unobservable factors influencing age at first birth may also be related to
education. In particular, family background may play a pivotal role as a socializing
agent, a source of resources and support, and a means for transmitting genes. Studies
have repeatedly demonstrated that education (Branigan et al. 2013) and fertility (Mills
and Tropf 2015) are associated with both the family environment and genetic factors.
Therefore, the family environment and genetic factors may (partially) explain the
observed association between education and age at first birth.
Family background—for example, the socioeconomic status (SES) of the parents—
defines the resources and opportunities to remain in school longer and to financially
compensate for children. The status of parents can shape consumption and status
aspirations of children who aim for higher education and social status in advance of
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family formation (Thornton 1980). More generally, the socialized striving for autonomy might lower ambitions to build a family while increasing investments in education
and a career (Rijken and Liefbroer 2009; Scott 2004). Biological predispositions shared
among family members and transmitted through genes can influence career and family
trajectories. The timing of first attempts to get pregnant measured in retrospective
interview is linked to one’s genetic makeup (Rodgers et al. 2001). In addition, genes
influence educational attainment (Branigan et al. 2013; Rietveld et al. 2013) and
fertility timing (Nisén et al. 2013; Tropf et al. 2015a). However, the extent to which
genetic effects for both outcomes are shared remains an open question. In the following
sections, we discuss previous studies that investigated the influence of (bio-)social
family factors on education and fertility.
Biometric Approaches for the Education and Age at First Birth Link
Four studies have considered both genetic and (socially) environmental family influences on the relationship between education and age at first birth. The first two
investigations focused on the role of education as a possible mediator between cognitive ability and age at first birth. One used 813 pairs of relatives from the NLSY born
between 1958 and 1965 (Neiss et al. 2002), and the second used 621 Danish twin pairs
born between 1931 and 1952 (Rodgers et al. 2008). These two studies extended the
classic twin model by introducing cognitive ability as preceding education in the causal
chain at the cost of additional assumptions on shared genetic and environmental effects
across traits. Both studies found that the observed mediating link of education became
nonsignificant after they controlled for genetic and environmental influences from
within the family. These two studies did not find genetic influences on age at
first birth and thus no genetic correlation between both outcomes, in contrast
with the general pattern (Mills and Tropf 2015). They concluded that education
may not directly delay childbearing but rather that individual differences leading to higher cognitive ability and higher education inhibit fertility—and these
differences arise between, not within, families.
The third study estimated bivariate biometric models that decomposed the
(co)variance in education and age at first birth into latent genetic and environmental
factors in a sample of 4,228 Finnish twins born in 1950–1957 (Nisén et al. 2013). For
women, shared environmental factors of the twins as well as environmental factors
unique to an individual independently explained part of the observed covariance
between education and age at first birth. Influences unique to an individual can be
interpreted as a causal effect (D’Onofrio et al. 2013) but might also result from third
factors influencing both outcomes at the same time, such as the partner (Kohler and
Rodgers 2003).
Finally, Amin and Behrman (2014) used a within–identical twin design on a sample
of 628 identical twins from the Minnesota Twin Registry. They found that one year of
additional education leads to fertility postponement of approximately one year. Furthermore, they did not find evidence for effects of family background on the association
between education and age at first birth: that is, results in standard OLS regression
models were nearly identical to the within-twin models.
In the current study, we first focus on the causal relationship between
education and age at first birth and apply within-twin regression models. We
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present a within–identical twin estimate in a different context than Amin et al.
(2015) did and for a larger sample than they used. Second, we use our findings
to project the trend in age at first birth at the population level and contrast the
projection with the actual trend in age at first birth. Third, we extend these
models according to Kohler et al. (2011) by integrating the bivariate twin
model. Compared with previous mediation models (Neiss et al. 2002; Rodgers
et al. 2008), the ACE-beta model needs fewer identifying assumptions, and all
paths that we introduce to the model are identified and can be estimated.

Methods
Data
We used information on twins of the TwinsUK registry. TwinsUK was originally
established at the St. Thomas Hospital London in 1992 and gathered information on
the life course of identical (monozygotic (MZ)) and fraternal (dizygotic (DZ)) twins
(Moayyeri et al. 2013). Zygosity was established using standardized questions and
confirmed by DNA genotyping in uncertain cases. As of this writing, the registry
contains information on approximately 12,000 individuals. We limited the analysis to
same-sex female individuals in complete twin pairs because the TwinsUK contains few
male twins (<15 %), making a comparable analysis for men infeasible. Furthermore, we
excluded women younger than 40 years at the last observation to avoid an overrepresentation of young mothers and to limit right-censoring of women who did not have
children at the time of the last observation. Valid information on zygosity, fertility, and
education was available for 3,856 women in 1,928 twin pairs. Because of rightcensoring of one or both twins in a twin pair, the sample was further reduced to
2,752 women in 1,376 twin pairs. For robustness checks, we also applied Cox
regression models that include childless women (see Online Resource 1, section S1,
Tables S1 and S2).
To compare the TwinsUK sample with a representative sample and to describe
trends, we used two additional sources from the ONS. For education, we used data
from the General Household Survey (GHS) rounds from 2000 to 2006 (N = 35,435,
birth cohorts 1931–1970). The GHS is an annual continuous survey of the population
in private households in Great Britain. To describe age at first birth, we used estimates
from the ONS (Office National Statistics 2013) because historical GHS fertility
measures were limited to married individuals.
Age at First Birth
The measure for age at first birth was based on information from two questionnaires in the TwinsUK. First, the Main Questionnaire, which was administered between 1995 and 2001, contains an inventory of the years of birth of up
to 10 children. Second, age at first birth was assessed directly with a question
from the 2004 questionnaire: “How old were you when you had your first live
birth?” For individuals who participated in multiple waves, we used the earliest
reported age.
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Education
Education was measured as the age at leaving full-time education, assessed directly
with the following question: “At what age did you leave full-time education?” Most
previous work has measured education in categories and imputed the corresponding
years of schooling (e.g., Amin and Behrman 2014; Rodgers et al. 2008). In the UK,
educational categories are difficult to order vertically because of differences in educational systems and migration across countries within the UK, especially because
qualifications are so numerous and because their names and content change often
(Jenkins and Sabates 2007). Therefore, both TwinsUK and the GHS provide the age
when leaving full-time education as a valid and reliable measure across data sources.
Analysis
The analysis proceeded in two steps. First, we used OLS regression and subsequently
within-twin models (fixed-effect models) to estimate the causal effect of education on
age at first birth (AFB). Although within-twin models have a long history in economics
(Rosenzweig and Wolpin 1980) and psychology/behavioral genetics (D’Onofrio et al.
2013; Neale and Cardon 1992), they have seldom been applied in demography (Amin
and Behrman 2014). A comparison of the OLS and the within-twin approach indicates
the extent to which family background leads to a spurious association between
education and age at first birth. In a second step, we estimated the ACE-beta model
to investigate the extent to which genetic and/or environmental effects lead to a
spurious association between education and age at first birth.
OLS and Fixed-Effects Models
The OLS models included birth year and birth year squared of a twin (i) nested in a twin
pair (j) to allow for a curvilinear trend in fertility timing across birth cohorts. Furthermore,
we controlled for zygosity measured as the expected genetic relatedness between DZ
twins (0.5) and MZ twins (1) and estimated robust standard errors to correct for the
dependency structure of the twins (Eq. 1). We are interested in the effect of education (β1).
afbij ¼ β0 þ β1  eduij þ β2  birth year j þ β3  birth year2j þ β4  zygosity j þ εij :

ð1Þ
The OLS model allows a naive estimation of the association between education and age at
first birth. As detailed elsewhere (Amin et al. 2013; Kohler et al. 2011), standard OLS ignores
at least three additional sources of variation: (1) the shared environment in a family j specific
for fertility (Cj), such as family norms; (2) the individual additive genetic endowment (Aij);
and (3) the unmeasured unique environment (Eij), which includes measurement error and
individual specific effects for fertility, such as the influence of partner characteristics. These
effects might influence the estimation of β1 if they are correlated with education.
The within-twin models included fixed effects per family, which capture all (observed
and unobserved) factors shared among the twins. We can discriminate between fraternal
(DZ) and identical (MZ) twins. DZ twins share, on average, 50 % of their segregating
genetic material, and MZ twins are genetically identical. Thus, the DZ fixed-effects model
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controls for one-half of all additive genetic effects (similar to a sibling fixed-effects
model), and the MZ fixed-effects model controls for all genetic effects. In other words,
the MZ fixed-effects model controls for all factors shared amongst siblings, including birth
year and zygosity, but also common (family) environment (Cj) and genetic effects; thus,
Δ(Cij) = 0 and Δ(Aij) = 0. The equation for the MZ fixed effects is as follows:
mz
mz
ΔðafbÞmz
ij ¼ β1  ΔðeduÞij þ Δεij :

ð2Þ

We applied both the OLS regression and the twin fixed-effects models to the pooled
sample of twins, as well as for DZ and MZ twins separately. The comparison,
particularly of the DZ and MZ models, provides the first insights as to whether
differences between the naive OLS estimates and the fixed-effects estimates are due
to shared environmental and/or genetic factors. If genetic effects are important, we
expect a stronger reduction in the effect of education for MZ twins than for DZ twins.
The remaining link between education and age at first birth can be interpreted as causal.
The effect is consistent if unique environmental influences important for education are
independent of age at first birth (and vice versa) (Kohler et al. 2011).
Bivariate Genetic Modeling
Twin studies are no longer uncommon in social science research (Branigan et al. 2013;
Freese 2008; Kohler et al. 1999, 2011; Miller et al. 2010; Mills and Tropf 2015; Neiss
et al. 2002; Nisén et al. 2013; Rodgers et al. 2001, 2008; Tropf et al. 2015a). Twin
studies are based on the comparison of MZ and DZ twins to quantify genetic and
environmental influences. The degree to which MZ twins are more similar than DZ
twins is assumed to reflect only genetic influences. Twin models are typically SEMs
that decompose the observed variance into three components: (1) additive genetic
effects resulting from the sum of genetic effects from the whole genome (A); (2)
environmental effects resulting from environmental influences shared between twins
of a pair (C); and (3) nonshared environmental effects resulting from the unique
environment of an individual (E) (which includes measurement error).
Three assumptions of the twin model need to be briefly addressed. The first is that
MZ and DZ twins share their environment to the same extent—that is, the equalenvironment assumption (EEA). Although this assumption has been criticized (e.g.,
Horwitz et al. 2003), empirical evidence supports the validity of this assumption
(Conley et al. 2013), including fertility studies (Felson 2014). Second, the twin model
assumes that there is no assortative mating within the population with respect to the
outcome of interest. A violation of this assumption (Domingue et al. 2014) would result
in an underestimate of genetic influences. The third assumption is that there are no
nonadditive genetic effects (gene-gene, and gene-environment interaction effects).
Following the same logic as in classic twin studies, it is possible to estimate the extent
to which genetic and/or environmental factors are important for the covariance between
two different outcomes. If education of twin 1 correlates with age at first birth of twin 2,
then part of the covariance runs in families. A correlation that is higher among MZ twin
pairs than among DZ twin pairs would indicate shared genetic effects for both outcomes.
We estimated the ACE-beta model (Kohler et al. 2011), which represents an extension of
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a bivariate Cholesky decomposition (for details, see Loehlin 1996; Rodgers et al. 2007).
The bivariate Cholesky decomposition estimates two equations: (1) one for the first
variable—in our case, education (Eq. (3)); and (2) one for the second variable—in our
case, age at first birth. Education of twin (i) is a function of






þ cedu;edu  C edu
þ eedu;edu  E edu
:
edui ¼ aedu;edu  Aedu
ij
j
ij

ð3Þ

Indexes indicate whether the effects are on education (edu), on age at first birth (afb), or
shared for both. Lower indexes indicate whether the effects are common to both twins
(j) or different (ij). The variance in education is therefore decomposed into additive
genetic effects (aedu,edu), shared environmental effects (cedu,edu), and residual variance/
measurement error (eedu,edu).
Investigating the association between education and AFB, we formulate a second
equation, which decomposes the variance in AFB into parts that are common
with the

genetic variance components of education: for example, aedu;afb  Aedu
; the shared
ij


environmental component (cedu;afb  C edu
); and parts that are unique to AFB, caused
j

by Aafb, Cafb, and Eafb. In contrast to the classic bivariate Cholesky model, the ACE-beta
model assumes that unique environmental sources of variance/measurement error for
education (E edu
ij ) are uncorrelated with AFB (eedu,afb = 0). Instead, the link between education
and AFB is expressed by the causal link represented in a fixed-effects regression only within
MZ twin pairs β 1  ΔðE Þmz
ij (Eq. (4)).




edu
afbij ¼ β1  ΔðeduÞmz
þ cedu;afb  C edu
j
ij þ aedu;afb  Aij
 




þaafb;afb  Aafb
þ cafb;afb  C afb
þ eafb;afb  Eafb
:
j
ij
ij

ð4Þ

In this article, we visualize the standardized estimates in the form of a correlated factors
model (Loehlin 1996; Neale and Cardon 1992) to facilitate interpretation. We present all
results from these models and the standardization of the estimates in Online Resource 1. The
genetic contribution to education and AFB is typically expressed as narrow-sense heritability
(h2), which is the proportion of variance due to additive genetic effects. In a parallel way, we
can compute the variance component for shared (C) and unique environmental influences/
measurement error (E). Importantly, we estimate the extent to which genetic and shared
environmental influences that are important for education and age at first birth correlate and
explain the observed correlation between education and age at first birth.
We used Stata 12 to estimate the OLS and fixed-effect models. The developers, Kohler
et al. (2011), provided us with the OpenMX R-function to estimate the ACE-beta model.
Robustness
The main analysis presented in this article includes only twin pairs in which both twins
had a child because the bivariate biometric models cannot deal with nonlinear outcomes. We tested the robustness of our results by including right-censored observations
using Cox regression models. We present Cox regression models with and without
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stratification by family to replicate the OLS and within-twin models for the full sample
(Allison and Christakis 2006). See Online Resource 1 for details.

Results
Descriptive Findings
Table 1 shows the descriptive statistics of the variables of interest separately for DZ and MZ
twins. The twins in the sample were born on average just after WWII, mean age at first birth
was almost 26, and the mean age at leaving education was approximately 17 years for both
kinds of twins. Most importantly for the biometric models, there were only minor differences
in average or standard deviation of the outcomes of interest between DZ and MZ twins. Also
of note, only 27 individuals (~1 %) had their first birth before leaving education and only 74
(~2.7 %) had their first birth one year after leaving education, such that the temporal
succession suggests that education influences age at first birth and not vice versa.
The two main concerns about the within-twin approaches are (1) that variation of the
independent variables within twin pairs is low and largely due to measurement error,
and (2) that twin data are not representative. First, Table 1 shows the mean absolute
differences in education within twin pairs. These differences were substantial, at 1.33
for DZ and 0.88 for MZ twins, suggesting that sufficient variation remained even
within MZ twin pairs. The smaller differences for MZ than DZ twins suggest a genetic
component underlying education. Second, TwinsUK is considered to be representative
for the singleton population in the UK (Andrew et al. 2001; Moayyeri et al. 2013).
Figure 1 shows the smoothed trends in age when leaving education and age at first birth
for the TwinsUK sample (top panel) and the representative ONS/GHS data (lower
panel). The general level and trends for the TwinsUK sample are similar to those of the
ONS/GHS data, which increases our confidence in using the TwinsUK sample.
However, the mean age at first birth in the TwinsUK sample (25.83) was about a year

Table 1 Summary statistics for monozygotic (MZ) and dizygotic (DZ) twins separately and within-twin
absolute differences for education and age at first birth
MZ Twins

Year Born

DZ Twins

Mean

SD

Min.

Max.

N

Mean

SD

Min.

Max.

N

1945.66

10.10

1924

1969

1,354

1947.02

9.37

1919

1969

1,398

Age at First Birth

25.87

4.44

15

44

1,354

25.79

4.66

16

44

1,398

Education (age leaving)

16.88

2.49

13

30

1,354

16.90

2.67

12

30

1,398

3.27

0

22

677a

4.21

3.75

0

20

699a

15

a

1.33

2.40

0

15

699a

Within-Twin Absolute Differences
Age at first birth
Education

3.41
0.88

1.80

0

677

Note: Education is measured as age when leaving full-time education.
Source: TwinsUK, own calculations.
a

Refers to number of twin pairs.
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and a half later than in the ONS data (24.35). There was no difference in age at leaving
education between the TwinsUK (16.97) and GHS (16.92) estimates.
Moreover, it is clear from Fig. 1 that the mean age of leaving education rose steadily
throughout the twentieth century, whereas the mean age at first birth followed a Ushaped pattern in the UK. Most previous research focused on trends in both outcomes
during the second half of the twentieth century, concluding that the rise in age at
finishing education led to a postponement of childbearing. However, the figure reveals
a discontinuity in the association, which challenges the idea of a causal relationship
between education and age at first birth.
The Causal Effect of Education on Age at First Birth

TwinsUK
28

19

Mean AFB

27

18

26
17
25
16

24
23

15
1920

1930

1940

1950

1960

1970

Mean Age at Leaving Education

Our first research question asks whether education has a causal effect on age at first
birth. Model 1 in Table 2 estimates the well-established naive OLS estimate of the
effect of education on age at first birth at 0.44 (standard error (SE) = 0.04) in the present
sample. This means that women who stayed one year longer in education had their first
childbirth approximately one-half year later, on average. The effect holds independent
of cohort effects given that we controlled for birth year and its square. Models 3 and 5
repeat the same model but now for subsets of MZ and DZ twins respectively. The
estimates of MZ and DZ twins are nearly identical.
Now we turn to the twin fixed-effects models to disentangle the causal effect from
potential family confounders. Model 2 in Table 2 shows the pooled twin fixed-effects

Mean AFB

The UK
28

19

27

18

26

17

25

16

24
23

15
1920

1930

1940

1950

1960

Year Born
AFB

1970

Mean Age at Leaving Education

Year Born

Age at leaving education

Fig. 1 Trends in mean age at first birth and mean age when leaving full-time education in the TwinsUK
sample and national representative data of the United Kingdom. AFB = age at first birth. The UK = estimates
from large, nationally representative data from the Office for National Statistics. Source: TwinsUK and data
from the National Office for Statistics (for details, see the Methods section)
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approach, which controls for all shared environmental factors among siblings and
partly their genes. The effect of education on age at first birth falls to 0.11 (SE =
0.06) but remains significantly different from 0 at the 5 % level in a one-sided test.
Model 4 depicts the MZ fixed-effects estimate (0.12, SE = 0.09), which controls for all
factors that vary between twins, including all shared environmental and genetic differences (given that MZ twins are genetically identical). The twin fixed-effects estimate
for DZ twins is depicted in Model 6 (0.11, SE = 0.08). This estimate controls for all
factors that vary at the family level; genetic differences among DZ twins are only
partially controlled for. The pooled, MZ fixed-effects, and DZ fixed-effects estimates
are all similar in size (approximately 0.11), but the two twin fixed-effects analyses by
zygosity are not significantly different from 0, likely due to reduced power of the twin
fixed-effects approach. This suggests a reduction in the causal effect of education on
age at first birth to around one-quarter of the effect estimated from the OLS model (.12 /
.44) to only 1.4 months (.12 × 12 = 1.44). These findings suggest that a large part of the
education effect on age at first birth can be attributed to family background factors
(genetic and environmental).
To check the robustness of these findings when also including twin pairs where one
or both women did not have children at the time of last observation and those younger
than 40, Table S2 in Online Resource 1 provides the results from the (stratified) Cox
regression models (N = 4,398). Results follow the same pattern as those from the
regression models except that the reduction in the estimated effect of education for the
within-twin analyses appears to be less strong. The probability of having a child
Table 2 Linear ordinary least squares (OLS) and within-twin (fixed-effects) regression on age at first birth
Full Sample

Education (age leaving)

Year Born, Squared

Fixed Effects

OLS

Fixed Effects

OLS

Fixed Effects

Model 1

Model 2

Model 3

Model 4

Model 5

Model 6

0.44***

0.11*
(0.06)

0.46***
(0.06)

0.12
(0.09)

0.42***
(0.06)

–3.79***

–5.19***

–2.38*

(0.78)

(1.13)

(1.04)

0.41***

0.56***

(0.08)
Zygosity

DZ Twins Only

OLS

(0.04)
Year Born

MZ Twins Only

0.11
(0.08)

0.25*

(0.12)

(0.11)

0.05
(0.38)

Constant

26.81***

23.98***

29.43***

23.89***

24.09***

24.02***

(1.92)

(0.99)

(2.74)

(1.53)

(2.54)

(1.32)

N

2,752

2,752

1,354

1,354

1,398

1,398

N pairs

1,376

1,376

677

677

699

699

Notes: Unstandardized estimates and standard errors are shown in parentheses. OLS standard errors are
adjusted for nonindependence of twins.
Source: TwinsUK, own calculations.
*p < .05; ***p < .001 (one-sided)
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decreases with each additional year of education by ~10 %, and this falls to ~3 % to 4
% in the stratified Cox regression models.
Our second research question asks to what extent the educational expansion during
the second half of the twentieth century can explain the simultaneous overall postponement in age at first birth. Figure 2 depicts the simultaneous rise in age of leaving
education (dashed line) and age at first birth (solid line) for cohorts born between 1944
and 1967. These cohorts started childbearing after the 1960s and therefore can be
considered the main drivers of the fertility postponement. Age at first birth in 1967 in
the UK (26.00) was approximately 2.74 years later than in 1944 (23.26). Figure 2
furthermore shows the simultaneous rise in age of leaving full-time education of
approximately 1.3 years across these birth cohorts. A straightforward macroexplanation might consequently conclude that 48 % (= 1.3 / 2.74) of the 2.74 years
of fertility postponement can be attributed to a rise in educational enrollment. However,
as shown in the regression models, for each year of additional education, individuals
postpone ~5.3 months in the OLS model and ~1.4 months in the within-twin models.
Note that we use a reduced MZ estimate of 1.2 (0.10 × 12 = 1.20) months because we
restrict the analysis to MZ twins born after 1944 (not listed). Across the birth cohort
born between 1944 and 1967, therefore, only between 21 % (= 1.3 × 0.44 / 2.74;
OLS models) and 4.8 % (= 1.3 × 0.10 / 2.74) of the observed postponement in age
at first birth can be directly related to the educational expansion. Figure 2 shows
the predicted average age at first birth based on the OLS (short dash-dot) and MZ
twin fixed-effects results (long dash-dot), as well as the explained (dark grey) and
unexplained (light grey) trends in age at first birth across the second half of
twentieth century and in medium grey the difference between OLS and MZ twin
fixed-effects models. The OLS specification can be considered the upper bound of
the explained trend in AFB by education, and the MZ fixed-effects model can be
considered the lower bound.
The estimates in Table 2 are based on birth cohorts born between 1919 and 1969. As
shown in Fig. 1, the correlation of the trends in education and age at first birth is
reversed at the population level and perhaps also at the individual level. Therefore, the
causal effect of education might have become stronger in more recent cohorts. We
additionally estimated models that allow for different educational effects for birth
cohorts born before and after 1944 (the turning point in the trend in age at first birth)
to investigate this issue (see Table S3 in Online Resource 1). However, we do not find
such differences.
The Role of Genes and the Environment as Family Background Factors
The reduction of the estimate of the causal effect of education on age at first birth in
OLS versus MZ twin fixed-effects models leaves us with the third research question,
which asks to what extent this reduction is due to unobserved shared environmental
influences and/or unobserved genetic endowments that are common to both outcomes.
To answer this question, we present the ACE-beta model, which simultaneously
estimates the direct causal link between education and age at first birth based on the
MZ twin fixed-effects estimator and the genetic and shared environmental contribution.
Figure 3 presents the correlated factor model (see Online Resource 1, Table S4, and
section S2 for the untransformed SEM estimates and the transformation).
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Mean AFB

26
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1
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2
3
23
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Year Born
Trend mean AFB

1

Unexplained trend

Trend mean edu. (starting point adapted to AFB)
Predicted AFB by edu. (OLS)

2

Explained trend: OLS estimate

Predicted AFB by edu. (MZ model)

3

Explained trend: MZ estimate

Fig. 2 Can educational expansion explain postponement of childbearing since 1945? The graph depicts the
observed trends in mean age at first birth and education (age at leaving) for successive birth cohorts and the
predicted trend in age at first birth by education using the OLS and MZ estimates. The trend for educational
level was rescaled to that of age at first birth. Predictions were based on estimates from Model 2, Table 2, and
data from Table 1. Source: General trends in education were derived from British General Household Surveys
(2000–2006) and age at first birth from the Office for National Statistics, Cohort fertility, Table 2 (Office
National Statistics 2013)

The estimates are well in line with previous studies (Branigan et al. 2013; Mills and
Tropf 2015). The heritability of education was .46, meaning that 46 % of the variance
in education was associated with additive genetic differences. The shared environmental influences account also for 23 % of the variance; and the unique environment, which
includes measurement error, accounts for 31 %. The heritability of age at first birth is
estimated to explain 32 % of the variance in age at first birth. Shared environmental
effects are smaller (.12) but significant, and unique environmental effects/measurement
error make up the largest part (.56).
All variance components are statistically significant. We also see the correlation of
genetic and environmental influences across outcomes. If the genetic/environmental
correlation between two traits is 1, all genetic/environmental variance in trait 1 and 2
has a common base. If the correlation is 0, the genetically/environmentally based
variance between traits 1 and 2 is independent. Shared environmental effects on
education and age at first birth correlate to 1, meaning that there are no shared
environmental effects for age at first birth independent of shared environmental
influences on education. Also a model constraining shared environmental effects for
education and age at first birth to be the same has a statistical fit equal to that from the
model freely estimating the parameter (not shown). Importantly, genetic effects across
both outcomes do not significantly correlate (.14), implying that family background
factors causing a spurious association between education and age at first birth are
mainly environmental. Note that the direct effects from the MZ twin fixed-effects
estimates reduces to .07 in this model specification. In the ACE-beta model, the direct
link between education and age at first birth explains 16 % of the association, shared
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Fig. 3 Correlated factor model depicting standardized estimate of genetic (A) and shared environmental (C) influences on education and age at first birth, the correlation of these influences across
traits, and a causal effect of education on the age at first birth. Source: TwinsUK, own calculations.
***p < .001 (two-sided tests)

environmental influences among siblings explain 62 %, and shared genetic influences
explain 22 % (see Online Resource 1, section S2 for details).

Discussion
The supposed causal effect of education on fertility postponement has become a
parsimonious and powerful explanation for demographers, not only for the fact that
higher-educated women have their first baby at later ages, but also for the general
postponement of childbearing during the second half of the twentieth century as a result
of educational expansion (Ní Bhrolcháin and Beaujouan 2012). In this study, we
challenge the claim that education causally influences age at first birth and consequently that educational expansion is the main reason for recent fertility postponement. We
present within-twin (fixed-effects) and novel biometric models using a unique data set
of female twins from the UK. We estimate the causal effect of education on age at first
birth and the extent to which environmental and genetic factors cause a spurious
association. We find a reduced effect of education on age at first birth in the withintwin design compared with standard regression models. Complementary biometric
analyses reveal that the association between education and age at first birth is largely
caused by social family background effects, whereas genetic inheritance plays only a
small role. These results suggest that the prevailing view of a strong causal effect of
education has no merit and needs to be revised.
In our study, the effect of all family factors shared among siblings explained up to
two-thirds of the observed association between education and age at first birth, and only
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a small part of the effect is due to genetic dispositions. This finding provides a strong
justification for continued research into the role of family background effects on
education and fertility. However, the twin models that we present do not give insights
into which family background factors are important for both education and age at first
birth. Previous investigations have pointed to SES of the parents (van Doorn et al.
2011) and parental demographic behavior (e.g., Lappegård and Rønsen 2005; Marini
1985; Nisén and Myrskylä 2014; Rijken and Liefbroer 2009). Recent investigations
also show that social ties, such as friends (Balbo and Barban 2014), influence fertility
timing and that siblings influence each other (Lyngstad and Prskawetz 2010). Given
that measured family characteristics typically account for only a small part of the
explained variance (e.g., Nisén and Myrskylä 2014) and that parents are important in
choosing whom to befriend and date, further study of social and network dynamics (of
the family) is one way to better understand the role of the family in fertility behavior.
A central goal of this study was to link our findings at the individual level to those at
the population level. An important role has been attributed to education for fertility
postponement (Ní Bhrolcháin and Beaujouan 2012), and education is a core variable
for fertility projections nowadays (Lutz et al. 2014). Yet, our findings contrast with this
approach because we find that increasing educational attainment can explain only a
fraction of the trend in age at first birth. Perhaps education serves as a proxy in many
studies for other simultaneous historical developments that are not directly measured.
An extensive review by Hobcraft (1996) identified changes in sexual norms and family
planning as well as the dramatic economic crises throughout the 1970s and 1980s in
combination with the introduction of the Pill as reasons for declining fertility levels and
postponed fertility in the UK. Consequently, the role of education as a useful predictor
of future fertility trends is in doubt.
Previous investigations on both the causal effect of education on age at first birth and
the role of genetic versus environmental family background factors produced mixed
findings, and our study may contribute to explaining these inconsistencies. First, the
nuanced interpretation of the role of education fits with two previous studies. Neiss
et al. (2002) and Rodgers et al. (2008) showed for the United States and Denmark
respectively that the association between education and age at first birth is completely
absorbed by latent family influences. Nisén and Myrskylä (2014) and Amin and
Behrman (2014), however, found a significant link between both outcomes net of
family influences. Our study suggests that a causal effect of education on age at first
birth exists but that it is small and therefore might have remained undetected in former
investigations. In the current study, the causal effect estimated from the within–identical
twins model—and therefore also in the ACE-beta model—is not statistically distinguishable from zero. Only if we pool identical and fraternal twins, which have nearly
identical estimates, do we detect the causal link.
Previous findings on the role of the genetic component in age at first birth in general
have been mixed. Here, we find that approximately one-third of the variance in age at
first birth is explained by additive genetic effects—similar to findings of studies on the
United States (Byars et al. 2010), Australia (Kirk et al. 2001), and Finland (Nisén et al.
2013). However, other investigations from the United States (Neiss et al. 2002) and
Denmark (Rodgers et al. 2008) found no significant genetic influences. Differences in
genetic effects on fertility exist across countries and within countries over time (Tropf
et al. 2016), and also within the UK (Tropf et al. 2015a), and may be due to a gene-
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environment interaction (Kohler et al. 2006; Mills and Tropf 2015). Further investigation into the genetic pathways to fertility is needed to better understand genetic
correlations with educational attainment (Courtiol et al. 2016) and patterns of geneenvironment interaction across populations, including molecular genetic information
(Barban et al. 2016, Tropf et al. 2015b).
The within–(identical) twin approach that we applied forms a useful tool to establish
a causal relationship between two variables but has limitations. The most critical
assumption is presumably that variation in education within twin pairs is uncorrelated
with variation in age at first birth. The question then arises as to what makes (identical)
twins different in educational attainment. If, for example, health issues lead to early
school dropout and delayed fertility, the causal effect estimated from the within-twin
models will be smaller than the true effect. If the presence of a partner influences career
and fertility aspirations toward longer educational and later fertility, the true causal
effect would be smaller than the estimate from the within-twin models. Additionally,
measurement error can downwardly bias the estimates (for discussion, see Amin et al.
2013). However, conservative predictions based on estimates from the OLS models
suggest that the educational expansion cannot account for a large part of observed
fertility postponement. Nevertheless, we advise caution for the interpretation of our
findings insofar as we find mean differences in age at first birth across TwinsUK and
the GHS data. Alternative designs can be used to validate our findings in future
research. Desirable approaches include quasi-experimental designs using instrumental
variables (for a discussion, see Amin et al. 2015; Boardman and Fletcher 2015).
In general, our study challenges the common approach of explaining differences and
trends in fertility timing mainly by invoking educational differences. Differences
between families and societal changes and upheavals across time can have a strong
impact on fertility timing, which may be mistakenly attributed to the causal influence of
just one factor. This study shows that fertility timing is the result of a complex interplay
of environmental and genetic influences. We conclude that (the rise in) educational
attainment alone cannot explain differences in fertility timing (between cohorts).
Acknowledgments The research leading to these results was funded by the Dutch Science Foundation
(VIDI Innovation Grant 452-10-012 to M. Mills), the European Research Council (ERC) Consolidator Grant
SOCIOGENOME (615603, www.sociogenome.com), and Economic & Social Research Council (ESRC) UK,
National Centre for Research Methods (NCRM) SOCGEN grant (www.ncrm.ac.uk/research/SoCGEN/). The
TwinsUK study was funded by the Wellcome Trust, European Community’s Seventh Framework Programme
(FP7/2007-2013). The study also received support from the National Institute for Health Research (NIHR)–
funded BioResource, Clinical Research Facility and Biomedical Research Centre based at Guy’s and St.
Thomas’ NHS Foundation Trust in partnership with King’s College London. The authors wish to express their
gratitude to Hans-Peter Kohler and colleagues who generously provided their R-scripts to estimate the ACEbeta model. The authors gratefully acknowledge Tomas Sobotka for information and advice about data on age
at first birth for the UK. We wish to thank Melinda Mills, Patrick Praeg, Tomas Sobotka, Renske Verweij,
Nicola Barban, Cecilia Potente, Mariana Bonnouvrier, and Noah Carl for useful comments on earlier versions
of the article. We wish to thank reviewers and editors, as well as all participants from the TwinsUK.

References
Allison, P. D., & Christakis, N. (2006). Fixed-effects methods for the analysis of nonrepeated events.
Sociological Methodology, 36, 155–172.

Education, Fertility Postponement, and Causality

89

Amin, V., & Behrman, J. R. (2014). Do more-schooled women have fewer children and delay childbearing?
Evidence from a sample of US twins. Journal of Population Economics, 27, 1–31.
Amin, V., Behrman, J. R., Kohler, H.-P., Xiong, Y., & Zhang, J. (2015). Causal inferences: Identical twins help
and clarity about necessary assumptions is critical. Social Science & Medicine, 127, 201–202.
Amin, V., Behrman, J. R., & Spector, T. D. (2013). Does more schooling improve health outcomes and health
related behaviors? Evidence from UK twins. Economics of Education Review, 35, 134–148.
Andersson, G. (2000). The impact of labour-force participation on childbearing behaviour: Pro-cyclical
fertility in Sweden during the 1980s and the 1990s. European Journal of Population, 16, 293–333.
Andrew, T., Hart, D. J., Snieder, H., de Lange, M., Spector, T. D., & MacGregor, A. J. (2001). Are twins and
singletons comparable? A study of disease-related and lifestyle characteristics in adult women. Twin
Research: The Official Journal of the International Society for Twin Studies, 4, 464–477.
Balbo, N., & Barban, N. (2014). Does fertility behavior spread among friends? American Sociological Review,
79, 412–431.
Balbo, N., Billari, F. C., & Mills, M. C. (2013). Fertility in advanced societies: A review of research. European
Journal of Population/Revue Européenne de Démographie, 29, 1–38.
Barban, N., Jansen, R., Vlaming, R., Vaez, A., Mandemakers, J. J., Tropf, F. C., & Mills, M. C. (2016).
Genome-wide analysis identifies 12 loci influencing human reproductive behavior. Nature Genetics.
doi:10.1038/ng.3698
Billari, F. (2015). Integrating macro-and micro-level approaches in the explanation of population change.
Population Studies, 69, S11–S20.
Boardman, J. D., & Fletcher, J. M. (2015). To cause or not to cause? That is the question, but identical twins
might not have all of the answers. Social Science & Medicine, 127, 198–200.
Branigan, A. R., McCallum, K. J., & Freese, J. (2013). Variation in the heritability of educational attainment:
An international meta-analysis. Social Forces, 92, 109–140.
Byars, S. G., Ewbank, D., Govindaraju, D. R., & Stearns, S. C. (2010). Natural selection in a contemporary
human population. Proceedings of the National Academy of Sciences, 107, 1787–1792.
Conley, D., Rauscher, E., Dawes, C., Magnusson, P. K. E., & Siegal, M. L. (2013). Heritability and the equal
environments assumption: Evidence from multiple samples and misclassified twins. Behavior Genetics,
43, 415–426.
Courtiol, A., Tropf, F. C., & Mills, M. C. (2016). When genes and environment disagree: Making sense of
trends in recent human evolution. Proceedings of the National Academy of Sciences, 113, 7693–7695.
Domingue, B. W., Fletcher, J., Conley, D., & Boardman, J. D. (2014). Genetic and educational assortative
mating among US adults. Proceedings of the National Academy of Sciences, 111, 7996–8000.
D’Onofrio, B. M., Lahey, B. B., Turkheimer, E., & Lichtenstein, P. (2013). Critical need for family-based,
quasi-experimental designs in integrating genetic and social science research. American Journal of Public
Health, 103, S46–S55.
Felson, J. (2014). What can we learn from twin studies? A comprehensive evaluation of the equal environments assumption. Social Science Research, 43, 184–199.
Freese, J. (2008). Genetics and the social science explanation of individual outcomes. American Journal of
Sociology, 114, S1–S35.
Gustafsson, S., Kenjoh, E., & Wetzels, C. (2002). The role of education on postponement of maternity in
Britain, Germany, the Netherlands and Sweden. In E. Ruspini & A. Dale (Eds.), The gender dimension of
social change: The contribution of dynamic research to the study of women’s life courses (pp. 55–79).
Bristol, UK: Policy Press.
Hobcraft, J. (1996). Fertility in England and Wales: A fifty-year perspective. Population Studies, 50, 485–524.
Hoem, B. (2000). Entry into motherhood in Sweden: The influence of economic factors on the rise and fall in
fertility. Demographic Research, 2(article 4), 1986–1997. doi:10.4054/DemRes.2000.2.4
Horwitz, A. V., Videon, T. M., Schmitz, M. F., & Davis, D. (2003). Rethinking twins and environments:
Possible social sources for assumed genetic influences in twin research. Journal of Health and Social
Behavior, 44, 111–129.
Jenkins, A., & Sabates, R. (2007). The classification of qualifications in social surveys (CLS Cohort Studies
Working Paper No. 2007/2). London, UK: Centre for Longitudinal Studies.
Joshi, H. (2002). Production, reproduction, and education: Women, children, and work in a British perspective. Population and Development Review, 28, 445–474.
Kirk, K. M., Blomberg, S. P., Duffy, D. L., Heath, A. C., Owens, I. P. F., & Martin, N. G. (2001). Natural
selection and quantitative genetics of life-history traits in Western women: A twin study. Evolution, 55,
423–435.
Kohler, H.-P., Behrman, J. R., & Schnittker, J. (2011). Social science methods for twins data: Integrating
causality, endowments, and heritability. Biodemography and Social Biology, 57, 88–141.

90

F.C. Tropf, J.J. Mandemakers

Kohler, H.-P., & Rodgers, J. L. (2003). Education, fertility and heritability: Explaining a paradox. In R. A.
Bulatao & K. W. Wachter (Eds.), Offspring: Human fertility behavior in biodemographic perspective (pp.
46–90). Washington, DC: National Academies Press.
Kohler, H.-P., Rodgers, J. L., & Christensen, K. (1999). Is fertility behavior in our genes? Findings from a
Danish twin study. Population and Development Review, 25, 253–288.
Kohler, H.-P., Rodgers, J. L., Miller, W. B., Skytthe, A., & Christensen, K. (2006). Bio-social determinants of
fertility. International Journal of Andrology, 29, 46–53.
Lappegård, T., & Rønsen, M. (2005). The multifaceted impact of education on entry into motherhood.
European Journal of Population/Revue Européenne de Démographie, 21, 31–49.
Lesthaeghe, R. (1995). The second demographic transition in Western countries: An interpretation. In K. O.
Mason & A.-M. Jensen (Eds.), Gender and family change in industrialized countries (pp. 17–62). Oxford,
UK: Clarendon Press.
Liefbroer, A., & Corijn, M. (1999). Who, what, where, and when? Specifying the impact of educational
attainment and labour force participation on family formation. European Journal of Population/Revue
Européenne de Démographie, 15, 45–75.
Loehlin, J. C. (1996). The Cholesky approach: A cautionary note. Behavior Genetics, 26, 65–69.
Lutz, W., Butz, W., & KC, S. (2014). World population and human capital in the twenty-first century. Oxford,
UK: Oxford University Press.
Lyngstad, T. H., & Prskawetz, A. (2010). Do siblings’ fertility decisions influence each other? Demography,
47, 923–934.
Marini, M. M. (1985). Determinants of the timing of adult role entry. Social Science Research, 14, 309–350.
Martin, S. P. (2000). Diverging fertility among U.S. women who delay childbearing past age 30. Demography,
37, 523–533.
McCrary, J., & Royer, H. (2011). The effect of female education on fertility and infant health: Evidence from
school entry policies using exact date of birth. American Economic Review, 101, 158–195.
Miller, W. B., Bard, D. E., Pasta, D. J., & Rodgers, J. L. (2010). Biodemographic modeling of the links
between fertility motivation and fertility outcomes in the NLSY79. Demography, 47, 393–414.
Mills, M. C., Rindfuss, R. R., McDonald, P., & te Velde, E. (2011). Why do people postpone parenthood?
Reasons and social policy incentives. Human Reproduction Update, 17, 848–860.
Mills, M. C., & Tropf, F. C. (2015). The biodemography of fertility: A review and future research frontiers.
Kölner Zeitschrift für Soziologie und Sozialpsychologie, 67, 397–424.
Moayyeri, A., Hammond, C., & Spector, T. D. (2013). Cohort profile: TwinsUK and healthy ageing twin
study. International Journal of Epidemiology, 42, 76–85.
Murphy, M. (1993). The contraceptive pill and women’s employment as factors in fertility change in Britain
1963–1980: A challenge to the conventional view. Population Studies, 47, 221–243.
Murphy, M. (1999). Is the relationship between fertility of parents and children really weak? Biodemography
and Social Biology, 46, 122–145.
Neale, M. C., & Cardon, L. R. (1992). Methodology for genetic studies of twins and families. Dordrecht, The
Netherlands: Kluwer Academic Publishers.
Neiss, M., Rowe, D. C., & Rodgers, J. L. (2002). Does education mediate the relationship between IQ and age
of first birth? A behavioural genetic analysis. Journal of Biosocial Science, 34, 259–276.
Ní Bhrolcháin, M., & Beaujouan, É. (2012). Fertility postponement is largely due to rising educational
enrolment. Population Studies, 66, 311–327.
Nisén, J., Martikainen, P., Kaprio, J., & Silventoinen, K. (2013). Educational differences in completed fertility:
A behavioral genetic study of Finnish male and female twins. Demography, 50, 1–22.
Nisén, J., & Myrskylä, M. (2014). Effect of family background on the educational gradient in lifetime fertility
of Finnish women born 1940–50. Population Studies, 68, 321–337.
Office National Statistics. (2013). Cohort fertility, Table 2 [Data set]. Retrieved from
http://www.ons.gov.uk/ons/publications/re-reference-tables.html?edition=tcm:77-263133
Oreopoulos, P. (2006). Estimating average and local average treatment effects of education when compulsory
schooling laws really matter. American Economic Review, 96, 152–175.
Rendall, M. S., Couet, C., Lappegard, T., Robert-Bobée, I., Rønsen, M., & Smallwood, S. (2005). First births
by age and education in Britain, France and Norway. Population Trends, 121, 27–34.
Rietveld, C. A., Medland, S. E., Derringer, J., Yang, J., Esko, T., Martin, N. W., & Koellinger, P. D. (2013).
GWAS of 126,559 individuals identifies genetic variants associated with educational attainment. Science,
340, 1467–1471.
Rijken, A. J., & Liefbroer, A. C. (2009). Influences of the family of origin on the timing and quantum of
fertility in the Netherlands. Population Studies, 63, 71–85.

Education, Fertility Postponement, and Causality

91

Rindfuss, R. R., Guilkey, D., Morgan, S. P., Kravdal, O., & Guzzo, K. B. (2007). Child care availability and
first-birth timing in Norway. Demography, 44, 345–372.
Rodgers, J. L., Bard, D. E., & Miller, W. B. (2007). Multivariate Cholesky models of human female fertility
patterns in the NLSY. Behavior Genetics, 37, 345–361.
Rodgers, J. L., Kohler, H.-P., Kyvik, K. O., & Christensen, K. (2001). Behavior genetic modeling of human
fertility: Findings from a contemporary Danish twin study. Demography, 38, 29–42.
Rodgers, J. L., Kohler, H.-P., McGue, M., Behrman, J. R., Petersen, I., Bingley, P., & Christensen, K. (2008).
Education and cognitive ability as direct, mediating, or spurious influences on female age at first birth:
Behavior genetic models fit to Danish twin data. American Journal of Sociology, 114, S202–S232.
Rosenzweig, M. R., & Wolpin, K. I. (1980). Testing the quantity-quality fertility model: The use of twins as a
natural experiment. Econometrica, 48, 227–240.
Scott, J. (2004). Family, gender, and educational attainment in Britain: A longitudinal study. Journal of
Comparative Family Studies, 35, 565–589.
Skirbekk, V., Kohler, H. P., & Prskawetz, A. (2006). The marginal effect of school leaving age on demographic events. A contribution to the discussion on causality. In S. Gustafsson & A. Kalwij (Eds.),
Education and postponement of maternity: Economic analyses for industrialized countries (pp. 65–85).
Dordrecht, The Netherlands: Kluwer Academic Publishers.
Thornton, A. (1980). The influence of first generation fertility and economic status on second generation
fertility. Population and Environment, 3, 51–72.
Tropf, F. C., Barban, N., Mills, M. C., Snieder, H., & Mandemakers, J. J. (2015a). Genetic influence on age at
first birth of female twins born in the UK, 1919–68. Population Studies, 69, 129–145.
Tropf, F. C., Stulp, G., Barban, N., Visscher, P., Yang, J., Snieder, H., & Mills, M. C. (2015b). Human fertility,
molecular genetics, and natural selection in modern societies. PloS One, 10(6), e0126821. doi:10.1371
/journal.pone.0126821
Tropf, F. C., Verweij, R. M., van der Most, P. J., Stulp, G., Bakshi, A., Briley, D. A., . . . Mills, M. C. (2016).
Mega-analysis of 31,396 individuals from 6 countries uncovers strong gene-environment interaction for
human fertility. Unpublished manuscript. doi:10.1101/049163
van de Kaa, D. J. (1987). Europe’s second demographic transition. Population Bulletin, 42, 1–59.
van Doorn, M., Pop, I., & Wolbers, M. H. J. (2011). Intergenerational transmission of education across
European countries and cohorts. European Societies, 13, 93–117.

