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ABSTRACT

The Twin Instrument

Twin births are often construed as a natural experiment in the social and natural sciences on
the premise that the occurrence of twins is quasi-random. We present new population-level
evidence that challenges this premise. Using individual data for more than 18 million births
(more than 500,000 of which are twins) in 72 countries, we demonstrate that indicators
of the mother’s health and health-related behaviours and exposures are systematically
positively associated with the probability of a twin birth. The estimated associations are
sizeable, evident in richer and poorer countries, and evident even in a sample of women
who do not use IVF. The positive selection of women into twinning implies that estimates
of impacts of fertility on parental investments and on women’s labour supply that use twin
births to instrument fertility will tend to be downward biased. This is pertinent given the
emerging consensus that these relationships are weak. Using two large samples, one for
developing countries and one for the United States, and focusing upon twin-instrumented
estimates of the quantity—quality trade-off, we demonstrate the nature of the bias and
estimate bounds on the true parameter.
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NON-TECHNICAL SUMMARY

Twins have intrigued humankind for more than a century. In behavioural genetics,

demography and psychology, monozygotic twins are studied to assess the importance
of nurture relative to nature. In the social sciences, twin births are used to denote an
unexpected increase in family size which assists causal identification of the impact of fertility
on investments in children and on women’s labour market participation. Many countries
have implemented policies to incentivize or penalize fertility, and an understanding of how
fertility influences child development or women'’s careers is important to reviewing such
policies. A premise of the cited studies is that twin births are quasi-random, or independent
of characteristics of the mother that influence the environment in which children are reared,
or the mother’s preferences over labour supply. We present new population-level evidence
that challenges this premise. Using 18,652,028 births in 72 countries, of which 539,544
(2.89%) are twins, we show that the likelihood of a twin birth varies systematically and
substantially with maternal condition. We document that this association is meaningfully
large, and widespread.

The association of twin births and maternal condition is evident in richer and poorer
countries, and it holds for all available markers of maternal condition including health stocks
and health conditions prior to pregnancy (height, body mass index, diabetes, hypertension,
kidney disease), health-related behaviours in pregnancy (healthy diet, smoking, alcohol,
drug-taking), exposure to stress in pregnancy, and availability of prenatal care. We also
demonstrate a positive association of twin births with the mother’s education (even in a
sample of non-ART users), which we argue is consistent with education facilitating access
to and uptake of new health-related information.

Previous research has documented that twins have different endowments from singleton
children, for example, twins are more likely to have low birth weight and congenital
anomalies. We focus not on differences between twins and singletons but rather on
differences between mothers of twins and singletons, which indicate whether occurrence
of twin births is quasi-random. It is known that twin births are not strictly random, occurring
more frequently among older mothers, at higher parity and in certain races and ethnicities,
but as these variables are in practice observable, they can be adjusted for. Similarly, it is
well-documented that women using artificial reproductive technologies (ART) are much
more likely to give birth to twins and ART-use is recorded in many birth registries so, again,
it can be controlled for and a conditional randomness assumption upheld. Our finding is
potentially a major challenge because maternal condition is multi-dimensional and almost
impossible to fully measure and adjust for. For instance, foetal health has been shown to be
a function of whether pregnant women skip breakfast, whether they suffer bereavement in
pregnancy, their exposure to air pollution, and a host of other such variables.

The underlying hypothesis is that twins are more demanding of maternal resources than
singletons and so conditions that challenge maternal health, be they long-standing under-
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nutrition (marked by height) or pregnancy behaviours (like smoking), are more likely to

result in miscarriage of twins. We substantiate this mechanism using United States Vital
Statistics data.

Overall, our results imply that the distribution of twins in the population is skewed in favour
of healthier women with healthier behaviours which are likely to be positively correlated
with preferences for child quality, with parenting (or nurturing) behaviours and with
women'’s labour force participation. Our findings imply that the results of previous studies
assuming that the distribution of twins is conditionally-random may merit re-assessment.
Studies in the social sciences that use twins to isolate exogenous variation in fertility will
tend to under-estimate the impact of fertility on both parental investments in children, and
women'’s labour supply. This is pertinent given the ambiguity of the available evidence.
Recent studies using the twin instrument challenge a long-standing theoretical prior in
rejecting the presence of a quantity-quality trade-off but our estimates suggest that this
rejection could in principle arise from ignoring positive selection into twin birth. Similarly,
existing research using the twin instrument finds limited evidence that additional children
influence women'’s labour force participation but, again, the direction of the bias we
highlight is such that in principle the bias could drive these findings. Using data from the
USA and developing countries, we demonstrate the bias and we estimate bounds on the
true parameter. In particular, we show that without any adjustment, we can replicate the
finding in recent studies of no quantity-quality trade-off but that a significant and fairly
substantial trade-off emerges upon partial adjustment, and that the bounds similarly
encompass a negative interval.

The results of studies in Psychology, Education, Economics and Biology that, rather than
use twins as an instrument, exploit the genetic similarity of twins to create twin-difference
estimators will not be biased but will tend to have more restricted external validity than
previously assumed, their results being pertinent only to the sub-population of families in
which women are predisposed to or manage healthy pregnancies. If these are also women
who provide better nurture, the findings of these studies will be “local” to such women.

The inter-linked questions of the importance of nurture, the extent to which parenting
quality is challenged by additional children, and the career costs that parenting imposes
on women are at the forefront of current policy debates. Recent research demonstrating
long run socio-economic returns to investing in foetal and infant health, improving the
pre-school environment and raising parenting quality has stimulated policy interventions
across the world that are motivated to enhance the potential for nurture to lift up the
trajectories of children, especially when born into disadvantaged circumstances. Another
stream of research shows that educational attainments of women in rich and poorer
countries alike, are over-taking those of men and transforming the work-family balance,
with consequences for women'’s autonomy, marital stability and child outcomes.



Introduction

Twins have intrigued humankind for more than a century (Thorndike, 1905). In behavioural
genetics, demography and psychology, monozygotic twins are studied to assess the importance
of nurture relative to nature (Thorndike, 1905; Boomsma et al., 2002; Polderman et al., 2015;
Phillips, 1993; Bouchard and Propping, 1993; McClearn et al., 1997; Nisén et al., 2013). In the
social sciences, twin births are also used to denote an unexpected increase in family size which
assists causal identification of the impact of fertility on investments in children and on women’s
labour supply (Rosenzweig and Wolpin, 2000, 1980a; Bronars and Grogger, 1994; Black et al.,
2005). A premise of studies that use twin differences or the twin instrument is that twin births
are quasi-random. We present new population-level evidence that challenges this premise. Using
18,652,028 births in 72 countries, of which 539,544 (2.89%) are twins, we show that the likelihood
of a twin birth varies systematically with maternal condition. We document that this association

is meaningfully large, and widespread.

The association of twin births and maternal condition is evident in richer and poorer coun-
tries, and we show that it holds for all available markers of maternal condition including health
stocks and health conditions prior to pregnancy (height, body mass index, diabetes, hypertension,
asthma, kidney disease), health-related behaviours in pregnancy (healthy diet, smoking, alcohol,
drug consumption), exposure to stress in pregnancy, and measures of the availability of medical
professionals and prenatal care. The underlying hypothesis is that twins are more demanding
of maternal resources than singletons and so conditions that challenge maternal health, be they
long-standing under-nutrition (marked by height) or pregnancy behaviours (like smoking), are
more likely to result in miscarriage of twins. We substantiate this mechanism using United States

Vital Statistics data (containing 14 to 16 million births).

Previous research has documented that twins have different endowments from singleton chil-
dren, for example, twins are more likely to have low birth weight and congenital anomalies (Hall,
2003; Rosenzweig and Zhang, 2009; Almond et al., 2005). We focus not on differences between
twins and singletons but rather on differences between mothers of twins and singletons, which
indicate whether occurrence of twin births is quasi-random. It is known that twin births are not
strictly random, occurring more frequently among older mothers, at higher parity and in certain
races and ethnicities (Hall, 2003; Bulmer, 1970), but as these variables are typically observable,
they can be adjusted for. Similarly, it is well-documented that women using artificial reproduc-
tive technologies (ART) are much more likely to give birth to twins (Vitthala et al., 2009) and
as ART-use is recorded in many birth registries, it can also be controlled for and a conditional

randomness assumption upheld. The reason that our finding is potentially a major challenge



is that maternal condition is multi-dimensional and almost impossible to fully measure and ad-
just for. For instance, foetal health is potentially a function of whether pregnant women skip
breakfast (Mazumder and Seeskin, 2014), whether they suffer bereavement in pregnancy (Persson
and Rossin-Slater, Forthcoming; Black et al., 2016), their exposure to air pollution (Chay and

Greenstone, 2003), and a host of other such variables.

After comprehensively documenting in Part 1 of the paper that the occurrence of twin births
is correlated with maternal health, in Part 2 we trace the implications of this for research that has
exploited the assumed randomness of twin births. We argue that studies using twins to isolate
exogenous variation in fertility will tend to under-estimate the impact of fertility on parental
investments in children, and on women’s labour supply. This is pertinent given the ambiguity
of the available evidence. Recent studies using the twin instrument challenge a long-standing
theoretical prior of Becker (1960); Becker and Lewis (1973); Becker and Tomes (1976) in rejecting
the presence of a quantity—quality trade-off in developed countries (Black et al., 2005; Angrist
et al., 2010), but our estimates suggest that this rejection could in principle arise from ignoring the
positive selection of women into twin birth. Similarly, research using the twin instrument tends to
find that additional children have small if any influence on women’s labour force participation (see
(Lundborg et al., 2014)). But, again, these estimates are likely to be downward biased as these
studies do not account for the positive selection of twin mothers on health-related indicators.
The results of studies in Economics, Psychology, Education and Biology that instead exploit
the genetic similarity of twins will not be biased but will tend to have more restricted external

validity than previously assumed.

To illustrate the problem, we focus upon the quantity—quality (QQ) trade-off. We provide
estimates for the United States (using about 225,000 births, drawn from the United States
National Health Interview Surveys (NHIS) for 2004-2014) and for a pooled sample of developing
countries (containing more than 1 million births in 68 countries over 20 years, available from the
Demographic and Health Surveys). These data are chosen because they contain information on
child outcomes and maternal health. Consistently using these two samples allows us to assess
the generality of our findings, and it allows that the QQ trade-off, as well as the violation of the

exclusion restriction that concerns us, are different in richer vs poorer countries.

First, we show that negative selection of women into high fertility! and positive selection
of women into twin birth imply that the OLS and IV estimates provide bounds on the true
parameter. We show that these bounds can be tightened by controlling for available indicators

of maternal health. In particular, we display routine twin-IV estimates of the QQ trade-off and

"'We test and find evidence for this using partial controls for socio-economic status and health.



our results replicate the common finding that there is no discernible trade-off. We then adjust
for available maternal health related characteristics. We find that, even though we have only a
small subset of the range of relevant maternal health indicators in our data sets, conditioning

upon them leads to emergence of a QQ trade-off. This demonstrates the force of our contention.

Since the adjustment is partial, in principle the exclusion restriction continues to be violated.
Given that the first stage (twins predicting fertility) is powerful, we next estimate bounds on
the IV estimates on the premise that twin births are plausibly if not strictly exogenous (Conley
et al., 2012). With a view to improving the precision and relevance of these bounds, we estimate
rather than assume a measure of the extent of the violation of the exclusion restriction. The data
requirements for this are non-trivial—we need data on two generations, with an exogenous shock
to maternal health in the first generation, and measures of child quality in the second generation.

For this, we exploit natural experiments in the United States and Nigeria.

We now present some of the effect sizes and place them in perspective with reference to
research on other determinants of the outcomes. The twin-IV estimator produces coefficients that
are small and not significantly different from zero. Conditioning upon available characteristics
produces statistically significant coefficients consistent with a trade-off, for instance, in samples
with at least three births, this is 0.05 s.d. for years of education in developing countries, and 0.06
s.d. for an index of child health in the United States, and in the sample with at least two births
it is 0.10 s.d. for grade retention in the US. The Conley bounds, in general, confirm the presence
of a trade-off. The lower bound is 0.05 to 0.06 s.d. for education in developing countries, 0.13 to
0.24 s.d. for education in the USA and 0.02 to 0.09 of a s.d. for child health in the USA.? Observe
that the trade-off is no smaller in the USA than in developing countries. This is important given
that the recent studies arguing there is no trade-off are set in richer countries, and a natural
reconciliation of these results with earlier studies proposed is that the trade-off may exist but

only in poorer countries where a larger share of families is credit constrained.

Consider the estimated 0.05 s.d. increase in education in developing countries stemming from
one less birth in the family. In that sample this corresponds to 0.17 years of completed education
This is similar to the gains in completed education flowing from high-profile experiments providing
information on returns to education (Jensen, 2010), or a school-based de-worming programme
(Baird et al., 2016).° So the adjusted estimates are of a size that it is not prudent to dismiss.
Moreover, our estimates indicate the change in investment (education) for one additional birth

but, as fertility rates remain high in many developing countries, the total effect can be large.

2 All of these figures are negative; we do not display the negative sign as this is implied by the language
of a trade-off.
3In section 3.1.3 we provide comparisons with other studies too.



To take stock, this paper makes two main contributions. First, it establishes that mothers
of twins are selectively healthy. In Part 1, we link this in with a growing literature in economics.
Second, it shows that the widely used twin-instrument for fertility is invalid, but suggests how
with the use of available measures of maternal health and the estimation of bounds, inference
can be made in the IV setting. The second contribution puts back on the stage the issue of a
potential human capital cost to fertility. Governments actively devise policies to influence fertility,
for instance, countries like China have penalized fertility, while many countries including Italy
and Canada have incentivized it, often with non-linear rules.* Advocates of policies encouraging
smaller families argue that large families invest less in the quality of each child, limiting human

capital accumulation and living standards (Galor and Weil, 2000; Moav, 2005).

Any human capital costs of fertility are naturally of greater concern when fertility is high
and when a large share of it is unwanted. In 2015 the average number of births per woman
in low income countries was 5 and, comparing actual with stated desired fertility, we estimate
the share of unwanted births is as high as 60 per cent in some countries, with a mean of 27
per cent. Unwanted fertility is not unique to poorer countries. For instance, despite access to
contraceptive methods, 21 percent of all pregnancies in 2011 in the United States ended in elective
abortion (Guttmacher Institute, 2016). Moreover, there is a strong trend in IVF use, and up to
40% of IVF successes result in multiple births to women who wanted one child (Kulkarni et al.,
2013), creating a growing set of unwanted children. Irrespective of whether additional births are
wanted or unwanted, re-establishing the evidence that they lead to diminished investments in
human capital in children is important, possibly more so recently in view of growing evidence of
the long run dynamic benefits of childhood investments (Campbell et al., 2014; Heckman et al.,
2013).

While schooling rates have been increasing globally, of 163 developing countries, only 47
have achieved universal primary education (World Bank, 2009) and in two-thirds of sub-Saharan
African countries, more than 30 per cent of students who start primary school are expected to
drop out. Credit constraints have been identified as a factor (UNESCO, 2011), and these tend
to tighten as the number of dependent children increases. In high income countries, although
all children stay in school until the legislated minimum school leaving age, grade retention is a
significant marker of educational progress. Systematic reviews examining research over almost a

century conclude that grade retention is one of the strongest predictors of high school dropout,

4 As discussed in Mogstad and Wiswall (2016), families with children receive special treatment under
the tax and transfer provisions in 28 of the 30 Organization for Economic Development and Cooperation
countries (OECD (2002)). Many of these policies are designed such that they reduce the cost of having
a single child more than the cost of having two or more children, in effect promoting smaller families.
For example, welfare benefits or tax credits are, in many cases, reduced or even cut off after reaching a
certain number of children.



and is associated with lower earnings in adulthood (Jimerson, 1999, 2001; Jimerson et al., 2002).
It is estimated that over 2.4 million (5-10%) students are retained every year in the US. Rising
through the twenty-five years up to 2003, this was estimated to cost over 13 billion dollars per
year just to pay for the extra year of schooling (i.e. ignoring its long run costs) (Anderson et al.,
2002). Retention rates are higher among boys, ethnic minorities and children of less educated
parents (Warren et al., 2014). Passage in 2002 of the No Child Left Behind Act in the US, with
its emphasis on mastery of minimum grade-level competencies as a condition for promotion, has
renewed discussion of grade retention in public policy making. The third measure of child quality
we use is a subjective measure of child health. Beyond its intrinsic value, the long term health
and socio-economic payoff to improved child health is estimated to be large Almond and Currie
(2011). Although our estimates pertain to implications of fertility for parental investments, as
discussed, we expect that the true career costs of children among women are larger than estimated

in twin-IV studies, consistent with, for instance, Adda et al. (2016).

This paper is laid out as follows. In Part 1, we present evidence from several countries and
time periods, using multiple indicators of maternal health that twin births are not random, we
show that selective miscarriage is a mechanism by which this association emerges, and we discuss
other potential mechanisms. In Part 2, we develop the implications of this result for studies in
which twin births are used to instrument fertility, focusing upon estimates of responses of parental
investments (proxied by indicators of child quality) to an additional birth. We demonstrate the
substantive significance of the twin-IV bias. Using natural experiments, we estimate the degree
of failure of the exclusion restriction and, using these estimates, construct bounds on the true

parameter.

Part I — Twin Births and Maternal Health

In this section, we first detail the evidence that twin births are positively correlated with indica-
tors of maternal health, health-related behaviours, health facilities, and stress in pregnancy. We
also present a positive association of twin births with the mother’s education (even in a sample of
non-ART users), which we argue is consistent with education facilitating access to and uptake of
new health-related information (Kenkel, 1991; Lleras-Muney and Cutler, 2010). We demonstrate
the generality of this result using administrative data and large representative survey data from
several countries across several years, and a variety of indicators of health. In poor countries,
many women are severely under-nourished, antenatal services are weak and, as a result, foetal

health is worse, as indicated for instance by birth weight or neonatal mortality; see Bhalotra



and Rawlings (2013). It is therefore immediately plausible that many women may not have the
fitness to carry twin conceptions to birth. In richer countries, while chronic under-nutrition is
less prevalent, many women engage in risky behaviours and/or experience medical problems in
pregnancy (see Appendix Table Al). Using the variables for which we have comparable data
in richer and poorer countries, we show that the associations of interest are evident at a range
of levels of country income (GDP). While other critiques have been directed at twin studies
(Rosenzweig and Zhang, 2009), the systematic tendency for maternal health and pregnancy be-
haviours to influence the distribution of twins across families appears not to have been previously

documented, and certainly not using population-level data.®

Second, we discuss the mechanisms by which this association may arise. We estimate the rel-
evance of selective maternal survival (which is only a potential issue in the DHS data) and show
that this cannot explain away our results. Instead we provide evidence that twin conceptions are
disproportionately more likely to miscarry among women with adverse health indicators. We are
agnostic on the question of whether twin conceptions are random. Our findings add a novel twist
to a recent literature documenting that a mother’s health and her environmental exposure to
nutritional or other stresses during pregnancy influence birth outcomes, with many studies docu-
menting lower birth weight (Currie and Moretti, 2007; Bernstein et al., 2005; Quintana-Domeque
and Rédenas-Serrano, 2014). If birth weight is the intensive margin, we may think of miscarriage
as the extensive margin response, or the limiting case of low birth weight. Similarly, other studies
have demonstrated that weaker maternal condition is associated with a lower probability of male
birth (Trivers and Willard, 1973; Almond and Edlund, 2007). Our results arise from a similar
process and, intersecting our hypothesis with Trivers-Willard, we show that twin births are more

likely to be female.

1 Methodology

To test the “as good as random” assumption regarding twin births, we estimate conditional

regressions of the form:
twinbjt =7 + leealthbjt + pp + A + Ebjt- (1)

Here, twin is an indicator of whether a birth of order b born to woman j at age ¢ is a twin. We

control for fixed effects for mother’s age and parity, given that these are known to influence the

*Rosenzweig and Zhang (2009) argue that the twin-TV estimator fails to account for parents’ reinforc-
ing investments in better endowed (singleton) children, and that it ignores scale-economies. Our critique
is independent of these considerations.



probability of twin births (for example Hall (2003), Rosenzweig and Wolpin (1980a)). Where
births are observed over multiple years, races or geographic areas, we include the relevant fixed
effects. If, as is commonly assumed, twin birth is an event which is conditionally as good
as random, the coefficients on maternal health variables Health;; should not be statistically
distinguishable from zero. Our test is equivalent to a test of balance of characteristics of ‘treated’
(with twins) and ‘control’ (without twins) mothers. In the principal specification, equation 1 is
estimated separately for each health indicator. However we also display estimates of a version in
which all available measures of health are entered together. Standard errors are always clustered

at the level of the mother.

For ease of exposition, we maintain subscript ¢ for the woman’s age but the health indicators
are measured either during or before pregnancy, to avoid the potential concern of reverse causality,
i.e. that twin births cause greater depletion of the mother’s health than singleton births. Notice,
though, that if we were to have to work with data in which an indicator of mother’s health was
only available after birth (as is the case for BMI in the DHS data), then this would make it
harder for us to establish that mothers of twins are selectively healthy. In this sense, accounting
for feedback from twin birth to mother’s health would only strengthen the evidence we present.
A particularly nice case that we discuss below uses an exogenous measure of environmental stress

in pregnancy.

We add controls for education (and wealth, which is available for the developing country and
the Chilean data) to allow for the fact that education may encourage and wealth may facilitate
health-seeking behaviours, and also to make sure that Health is not simply proxying for socio-
economic status. For the two indicators for which we have comparable data across countries,
we shall further test whether the association of twinning with the indicator is a function of
country income. For the United States, where the data permit this distinction, we re-estimate
the equation excluding all women who report having used assisted reproductive technologies. For
the developing country sample, on the premise that ART was not available prior to 1990, we split
the birth data into pre- and post-1990 samples. This way we can be sure that our results are

independent of ART use.

We perform an alternative test that exploits within-mother variation. This essentially in-
volves testing whether women who produce twins had healthier births before the twin birth, as

this would be a measure of their pre-determined health. For each n = {2, 3,4} we estimate:

InfantDeathi; p<nt = o + 1 TWiNG p—n t + to + At + Vijot, (2)

where we restrict the sample to children i of mother j who are born at least one year before



birth order b < n. Thus, for n = 2, the independent variable Twin takes the value of one if the
mother gives birth to twins on her second birth, and zero if she gives birth to a singleton on her
second birth. We then regress a binary variable for infant mortality of children born at birth
order 1 on the mother’s twin status at birth order 2. We generalize this to higher birth orders.
Infant mortality is widely used as a marker of health and it has the advantage that it is largely
predetermined (except for children born within a year of their older sibling). If twinning is as
good as random, we should observe that no pre-determined variables predict twinning, and so we
cannot reject the hypothesis Hy : a3 = 0, while if healthier mothers are more likely to give birth
to twins, this should be captured in lower infant mortality rates (IMR) among twin mothers in
early births, and hence a; < 0. Once again, standard errors are clustered at the level of the

mother, and age and birth order fixed effects are included.

2 Data and Descriptive Statistics

We sought data that satisfied the following requirements. First, that the samples are represen-
tative and, given the relative rarity of twins, large. Second, that the data include birth records
and that they distinguish singleton from multiple births. Third, that they contain indicators of
the mother’s health and/or health-related behaviours. Datasets fulfilling these criteria include
administrative birth data from the United States, Spain and Sweden, and household survey data
from Chile, the United Kingdom, and 68 developing countries (the Demographic Health Surveys,
or DHS) for births that occur during 1972-2012. Together these data contain fifteen indicators of
health. Administrative data for births in other countries including, for instance, India, Mexico
and Argentina do not contain measures of maternal health. Geographic coverage of the data we

use is mapped in online appendix figure Al.

We consistently restrict the sample to women aged 18-49 years old, and exclude the small
proportion of births in which more than two children are born at once (triplets and higher
order multiple births). Given not only a positive association of ART with the likelihood of twin
births (Vitthala et al., 2009), but also that ART users are typically more educated and wealthy
(Lundborg et al., 2014), it is important to demonstrate that our hypothesis holds independently
of ART wuse. Since the US Vital Statistics data indicate ART use for every birth in post-2009
data where the updated birth certificate is used, we present estimates using the universe of
mothers giving birth between 2009-2013, who reported not using ART. This involves removing
approximately 1.6% of births from the sample.

A description of each dataset and its coverage is provided in online data appendix C and



summary statistics are in appendix table Al. Estimates of equation 2 require the complete
fertility history including the survival status of all children preceding each twin or singleton birth,
which only the DHS provide, for 68 developing countries. In the left-hand panel of Appendix
Table A2 we present summary statistics by birth type from the DHS data (we discuss data in
the right-hand panel in part II of this paper).

Not all birth registers that include maternal health indicators also include information on
foetal deaths, but the US Vital Statistics data do. We pooled all births and foetal deaths recorded
in US administrative data between 1998 and 2002. We stopped in this year because, from 2003,
a considerable re-definition of birth certificate data meant that foetal death and birth data did
not share similar controls and the coverage varied by state. Prior to 2002 however we are able to
observe for all states whether a mother smokes or drinks during pregnancy, whether she suffered

from anemia prior to pregnancy, and her educational level.

Twin births make up 2.84% of all births in the United States, 2.55% of all births in Sweden
and Chile, 2.37% in county Avon of the UK and 2.10% of births in the DHS sample (see table
Al). Twins are not as rare as we may think: about 1 in 80 live births and hence 1 in 40
babies is a twin. The proportion of twin births tends to be higher in richer countries, consistent
with our contention that twin births occur more often to women with the resources to carry
twin births to term. Similarly Appendix table A2 presents a simple comparison of means of
characteristics of mothers and children in families with and without at least one twin birth.
The comparison of mother characteristics for both the USA and developing countries shows,
consistent with our hypothesis, that healthy mothers (as proxied by height, BMI and probability
of being underweight) are more likely to give birth to twins. We test formally for the equality
of means of a wider set of maternal health indicators in appendix table A3, though these tests
are unconditional, and do not account for twin mothers tending to be older and for twins being

more likely at higher birth parities. We present conditional tests in the next section.’

5Plots of the frequency of twin births over time in the US and in the developing country sample, along
with aggregate health in the population as proxied by female life expectancy are in appendix figure A2.
However, given that these plots cover both the pre- and post-IVF period, any correlation between trends
in twinning and aggregate health may be incidental.
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3 Results: Twinning

3.1 Twin Births and Maternal Condition

Various indicators of maternal health: conditions, behaviours, facilities In table 1
we present estimates of equation 1 for four richer countries and for a sample that pools data
for 68 developing countries. We use multiple indicators for maternal health before pregnancy,
health-related behaviours and exposure to stress during pregnancy, and availability of prenatal
and medical facilities in the local area. The indicators available vary across the five samples
that we analyse but we find broadly consistent results across indicators and across samples. All
independent variables are standardised as Z-scores so that the estimates can be cast as the effects
of increasing by 1 standard deviation (sd) the independent variable of interest. Unstandardised

results are presented in appendix table A5.

We observe that being underweight, having any of a range of morbidities prior to conception,
and adopting risky behaviours in pregnancy, each significantly reduces the probability of a twin
birth. A healthy diet in pregnancy, height (an indicator of the stock of health (Silventoinen,
2003; Bhalotra and Rawlings, 2013)) and greater access to prenatal and medical care raise the
likelihood of giving birth to twins. Maternal education is also a significant predictor of twins,
consistent with education promoting health (Kenkel, 1991; Lleras-Muney and Cutler, 2010).
Statistical significance of the health indicators in Table 1 is robust to running regressions which
condition on all available indicators of the mother’s health, including education (table A4). The
effects are sizeable, with a 1 sd improvement in the indicator tending to increase the likelihood
of twinning by 6-12% in most cases, although there is variation, with smaller effects from fresh
fruit consumption and larger effects from height. The rest of this section will elaborate these

findings.

Estimates for the USA As discussed, our estimates for the US are restricted to women who
do not use any assisted reproductive technologies (ART). We estimate that a 1 sd increase in
rates of smoking in each trimester is associated with a 0.20-0.25 pp reduction in the risk of a
twin birth (p <0.001 in each case). These results all hold even when correcting test statistics
for large sample sizes and the increasing likelihood of rejecting a null, as outlined in Leamer
(1978); Deaton (1997). Smoking in the third trimester imposes the largest reduction, consistent
with evidence that adverse effects of smoking on birth weight are largest in the third trimester
(Bernstein et al. (2005); also see supplementary table A6). These effects of smoking are about

10% of the mean rate of twinning.
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Diabetes and hypertension prior to pregnancy have similar standardized effects, reducing
the likelihood of twin birth by between 0.2 and 0.3 pp.” Height and education have larger
standardized effects, of 0.63 and 0.81 pp respectively, and being underweight is associated with
a 0.15 pp decrease in the probability of twins. Estimates for the 1.6 percent of women using
ART are in table A7 and are, with the exception of being underweight, larger and statistically

significant for every indicator, underlining the additional sensitivity of birth outcomes in this

group.

Estimates for Sweden, Avon, Chile and Low Income Countries Analysis of birth reg-
isters from Sweden for the years 1993-2012 indicates similar standardised effect sizes for smoking,
diabetes, height and being underweight to those for US women. Although the effect of hyper-
tension is smaller, at close to 0.10 pp., the similarity of the results for Sweden and the USA is
striking. The Swedish data additionally record asthma prior to conception, which we estimate
reduces the risk of twin births by 0.015 pp. Survey data from Avon county UK 1991-1992 and
Chile 2006-2009 again exhibit patterns similar to those identified for Sweden and the USA for
anthropometric indicators of health, risky behaviours and pre-pregnancy illnesses. All results are
in table 1 so here we only discuss estimates for indicators specific to these additional datasets.
The UK data contain unique information on eating healthily during pregnancy and our estimates
indicate that the standardised effect of this is a 0.54 pp increase in the likelihood of having twins.
The Chilean data record drug use during pregnancy and we find that frequent drug use reduces
the probability of twins by 0.16 pp, an estimate similar to that for frequent alcohol consumption

in this sample.

In the sample that pools data for 68 developing countries in 1961-2012, we observe some
measures of health stocks including height, weight and body mass index, and we observe the
local availability of prenatal care and access to medical professionals. These variables are all
measured as the leave-one-out rate of healthcare access in the mother’s cluster of residence since
we are interested in availability rather than use to avoid the concern that mothers conceiving
twins may be more likely to actively seek birth attendance. These measures are useful because
health service coverage in low-income countries is far from universal. We observe that taller and
heavier women are more likely to twin (mirroring the findings from other contexts), and estimate
that a 1 sd increase in availability of doctors or nurses is associated with a 0.092 pp and 0.065

pp increase in the likelihood of twins respectively.

Quasi-experimental variation in maternal stress: Spain Using the methodology and data

described in Quintana-Domeque and Rédenas-Serrano (2014), we estimated a similar regression

"We do not include measures of morbidities during gestation such as pre-eclampsia as these may be
endogenous, dependent upon the higher biological demands of a twin conception.
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using ETA bombing in Spain as a plausibly exogenous shock to maternal stress during pregnancy
(a proxy for Health). We find that an additional bomb casualty in the province of residence of
a pregnant woman decreases the likelihood that she will have a twin birth by 0.01% and 0.012%
(p <0.01 and 0.05 respectively); see table 2. This effect is larger and only statistically significant
during the second and third trimesters, similar to the effects of smoking by trimester documented

in table 1.8

Survival of pre-twin births as a marker of mother’s health As discussed earlier, an
alternative test of the quasi-randomness of twin births consists of examining an indicator of the
health stocks of mothers, proxied by the early life survival of their children born before twin
births. This is a natural measure of maternal health, capturing a woman’s ability to produce
surviving children, which is exactly what we hypothesize is challenged by twins. Estimates of
equation 2 are presented in table 3. We see that mothers who went on to have second-born twins
had much lower rates of infant mortality for their first births than women who had second-born
singletons, and that this generalizes to higher parities.” Additionally, we observe that introducing
controls for mother’s health (height and weight) and socioeconomic status (completed education)
reduces the size of the estimated infant mortality differential between twin and non-twin mothers,
suggesting that these controls proxy for the positive selection of women into twinning. In the
first row these controls explain approximately 15% of the selection into twinning, however even
conditional on education and anthropometrics, twin mothers have 1.7 fewer infant deaths than

non-twin mothers per 100 live births.

3.2 Cross-Country Comparisons and the Role of Income

Cross-country comparison of the association of twinning with mother’s height Figure
1 shows that in 68 of 70 countries for which data on women’s heights can be matched to birth
records, twin mothers are on average significantly taller than non-twin mothers.'’ Height is the
indicator of health most widely measured in birth and demographic data and several studies show
that it responds to infection and nutritional scarcity in the growing years, for instance individuals

exposed to famine and war have been shown to have lower stature in adulthood, other things

8Quintana-Domeque and Rédenas-Serrano (2014) find that the same exposure reduces average birth
weight by approximately 0.3 grams (trimester 1), and increases the likelihood of low birth weight by
0.14%.

9Infant mortality is defined as the death of a child before their first birthday. We remove from the
sample any children who were still alive but not yet 1 at the time of the following birth, as these children
have not yet been entirely exposed to the risk of infant mortality.

OFach estimate reflects the mean difference between twin and non-twin mothers, conditioning on age
and parity fixed effects. As the comparison is within country, it nets out country differences including
differences in the genetic pool (Deaton, 2007).
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equal (Silventoinen, 2003; Bozzoli et al., 2009; Wang et al., 2010; Akresh et al., 2012). Moreover,
previous research has shown widespread associations of short stature among mothers with the

risk of low birth weight and infant mortality among their children (Bhalotra and Rawlings, 2013).

Twinning and maternal health: is there an income gradient? Since many women in
poorer countries are under-nourished, it seems plausible that their resources are particularly
challenged in carrying twins to term. As a result, we may expect that income growth and
poverty reduction attenuate the association of mother’s health and twin births. On the other
hand, risky behaviours in pregnancy may be increasing in income, so the gradient will depend
upon the health indicator that is analysed. To assess this, we need a comparable index of mother’s
health for countries that span a range of income levels. As height is widely available, we plot the
point estimates from figure 1 against GDP per capita in figure 2. The estimates lie above the

zero line, indicating that the relationship persists in high income countries.

Mother’s education In table 1, it is noteworthy that in all samples where maternal education
is recorded it is significantly positively related to the likelihood of twinning, even in the non-ART
sample in the US. In the online appendix we present similar plots to the height figures 1 and 2
displaying education differences between twin and non-twin mothers in all countries in the sample
(figures A3 and A4). We observe that in the overwhelming majority of countries, twin mothers
have greater education than non-twin mothers. When we plot these estimates against GDP per
capita using all countries in the sample, we find little evidence to suggest that twin selection
decreases as countries become more developed. If anything, there is a weakly positive correlation
between country income and the education differential between twin and non-twin mothers. We
interpret this as capturing the finding cited earlier that the effects of education on health care
access and uptake are most substantial in environments in which health-care technologies are

changing rapidly.

4 Mechanisms

In this section we consider three alternative hypotheses for the process determining the results
contained in the preceding section. We shall refer to these as the conception, gestation and
maternal survival mechanisms. First, healthier mothers may be more likely to conceive twins
on account of an underlying genetic or biological process, such as that mediated by the follicle
stimulating hormone Hall (2003). Second, conditional upon conceiving twins, healthier mothers
may be more likely to take both fetuses to term. Third, conditional on conceiving twins and

taking them to term, healthier mothers may be more likely to survive the birth, and hence
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appear in survey or vital statistics data.

Any of these processes is sufficient to violate the “as good as random” assumption insofar as
they imply that observing twins will depend upon possibly unmeasured maternal behaviours and
characteristics. Nonetheless, we may be interested in determining which of these is the relevant
channel. For example, if twins are less likely only due to selective maternal death, then as mothers
become more likely to survive childbirth (ie as maternal mortality declines), threats to validity
become considerably less relevant. We cannot directly test the conception hypothesis since the
relevant data are unavailable. However we shall present tests for the second and third hypothesis

and argue that our conclusions in Part 2 of the paper are robust to the first mechanism being at

play.

4.1 Selective foetal death

The gestation hypothesis is that carrying twins to term is more demanding than carrying sin-
gletons to term, and so stressors of maternal health will lead to selective miscarriage of twins.
It has been documented that the biological demands of twin pregnancies are higher than the
demands of non-twin pregnancies (Shinagawa et al., 2005; Kahn et al., 2003) and also that, in
general, healthier mothers are less likely to miscarry (Garcia-Enguidanosa et al., 2002). What
we contribute here is to test the natural intersection of these hypotheses, and estimate the extent
to which miscarriage is most frequent among less-healthy women carrying twins. The estimated

equation is:

FoetalDeath;j: = ~o +nTwing: + v2Health;: + v3Twin x Health;j; +
A+ G+ i+ iy (3)

Foetal Death,j, is a binary variable (multiplied by 1,000) indicating whether a birth was taken
to term (coded as 0) or resulted in a miscarriage (coded as 1). As above, 7 indicates a conception
leading to birth or foetal death, j a mother, and ¢ is year, Health is an indicator of the mother’s
health, Twin is an indicator for whether the conception is a twin or a singleton and, as before, fixed
effects for year (A:), mother’s age (¢,) and birth order (u) are included. This is then regressed
on the twin status of the pregnancy (1 if twins, 0 if singleton), a variable recording an indicator of
maternal health, and an interaction between twin conception and maternal health. The coefficient
of interest 3 is the differential effect of the variable Health;; on twin conceptions. The available

measures of health are behaviours observed entirely before birth (smoking or drinking during
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pregnancy) or health conditions observed entirely before conception (anemia). If v3 = 0, then
the twin fetus is as likely to miscarry as the singleton fetus when exposed to health (dis)amenity

Health;.

The results are in table 4. The evidence confirms previous research showing that the spon-
taneous abortion rate among twins (at 1 in 8 conceptions), is about three times that among
singletons (Boklage, 1990). We can reject the null hypothesis that Hy : 3 = 0. This adds new
evidence of steeper gradients in indicators of mother’s health for twins than for singletons. For
example, a 1 standard deviation increase in rates of smoking during pregnancy whilst carrying a
singleton elevates the risk of miscarriage by 1.39 foetal deaths per 1,000 live births. The corre-
sponding risk elevation among mothers pregnant with twins is an increase of 2.55 foetal deaths
(1.394+1.154), which is almost twice the risk. Alcohol consumption in pregnancy is similarly
almost twice as risky for women carrying twins, and the risks associated with anemia are about
three times as high. We also show that a college education modifies the difference in miscarriage
probabilities more than three times as much when the mother is carrying twins than when she is
carrying a singleton. Often one of two twins miscarries. In such cases, if the survivor is recorded
as a singleton birth then we will tend to under-estimate the importance of maternal condition.

In other words, our contention holds a fortiori.

Overall, these results establish a plausible mechanism for the associations that we document
in table 1. Here we have modelled miscarriage conditional upon the conception being twin
or singleton. If in fact maternal health raises the chances of a twin conception, then this will
reinforce our contention. If, instead, maternal health is for some undocumented reason negatively
associated with twin conception, then our findings hold despite this and they under-estimate the
importance of, for instance, behaviours or stress exposures during pregnancy on the chances of

producing live twin births."!

Trivers and Willard (1973) made an argument similar to ours but pertaining to the distribu-

tion of sons across women (Trivers and Willard, 1973; Almond and Edlund, 2007). They observed

11 biomedical research it is primarily monozygotic (MZ) twins that are thought to be strictly ran-
domly allocated across families. It is recognized that there may be genetic predispositions toward dizy-
gotic twins, and that the risk of giving birth to dizygotic twins (DZ) is elevated among women with
high levels of the follicle stimulating hormone (FSH), which is often more prevalent among taller and
heavier women (Li et al. 2003, Hall 2003). Since dizygotic twins constitute about two-thirds of all twins,
this could in principle contribute to explaining the associations we document with height and BMI but
there is no previous evidence that twinning is also associated with behavioural and stress markers (and
these associations are unlikely to derive from FSH levels). Moreover, the biomedical literature has not
documented these associations in any population level data, let alone across countries, time and indi-
cators. Our results also constitute a challenge to the assumption that monozygotic twinning is random
(conditional on age and parity). Although we are unable to distinguish MZ from DZ twins in our data,
our point is that even if twin conception is random, it must be the case that, on average, women in “good
condition” are more able to carry twins to term.
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that since the male foetus is more vulnerable to adverse health conditions, sons are more likely
to be born of healthy mothers. As for twins, so for sons, selective miscarriage is the suggested
mechanism. Intersecting our hypothesis with theirs, we investigated whether male twins were
more likely to miscarry than female twins other things equal. We used the large data sets in
table 1 (US, Sweden and the developing country data). We find that twin births are more likely
to be female (p<0.001). This affords a further test of our hypothesis and a validation of the
Trivers-Willard hypothesis.*?

4.2 Selective maternal survival

A potential concern is that if the less-healthy women among those who delivered twins died
in childbirth, the data may not contain those women, in which case we would have a biased
representation in which twin births in the data are selectively associated with more healthy
women. In fact this concern does not apply to the administrative US and Sweden data where
all births are recorded and where we see clear associations of twinning and maternal health so
it cannot be the only explanation of our findings. Similarly, in the UK and Chile data sets, the
survey design ensures that representative coverage is not affected by maternal death.'? However
this issue does arise in use of the DHS data which ask mothers to report fertility histories so if the
mother is not alive, the children are not in the sample even if the children are alive. Also, concerns
about selection on account of maternal mortality are most pertinent in the DHS developing
country sample given that maternal mortality is considerably higher in poorer countries, the
lifetime risk of a maternal death being 1 in 41 in low income countries as compared with 1 in

3300 in high income countries.

To assess the magnitude of this bias in the DHS estimates, we follow Alderman et al. (2011)
and simulate estimates under the assumption that less-healthy women who died in childbirth
were all carrying twins, and more healthy women who died in childbirth were not carrying twins.
This is of course an extreme assumption that puts our results to the harshest test. We simulate
the presence of the women who died and test whether this (over-)correction for maternal survival

selection causes the association of twin births and maternal health to disappear.

12WWe found an older biological literature which recognizes that males are under-represented among
twins, and even more under-represented among triplets (James, 1975; Bulmer, 1970), but this literature
does not explicitly link in with Trivers-Willard.

13In ALSPAC data from the UK, women were prospectively enrolled when pregnant entirely before
exposure to considerable maternal mortality risk, and children were subsequently followed over their lives.
In the ELPI data from Chile, a representative sample was chosen after birth, however the sampling unit
was at the level of the child, rather than the mother, so children would be represented even in the case
that their mother was no longer living.
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A data challenge here is that we do not observe the health of women who died in childbirth,
indeed, the original problem is that we do not observe these women at all. However the DHS data
record, for all surviving women, not only their height, BMI and pregnancy outcomes but also,
for each of their sisters, whether or not their sisters died and whether the cause was related to
childbirth. We thus have the maternal mortality status of all sisters of every female respondent.
Most DHS countries are in Africa and, given high fertility, there are often many sisters and
as respondents are 15-49 at the date of survey, a fair fraction of sisters will have experienced
child birth and been exposed to the high risks of maternal mortality that characterise Africa.
We proceed by assuming that the respondent’s health (indicated by her height and BMI) is a
reasonable proxy for the health of her sisters who she reports died. This assumption is validated
in Figure 3 which shows that maternal mortality is much higher among sisters of women with
lower stature or BMI, conditional upon country and year fixed effects, a quadratic in mother’s age
and age at first birth. In particular, sisters of women shorter than the mean height of 155.5cm are
considerably more likely to have suffered maternal death, and this is particularly so for women

shorter than 145cm.

To test the potential importance of selective maternal survival in explaining twin selection,
we inflate the sample by the number of women who, according to our sister method calculations,
would exist in the sample if it were not for the fact that they died in childbirth. We then examine
the coefficients of interest in the estimates of equation (1) under the extreme assumption described
above—that all less-healthy women who died were pregnant with twins, while all healthy women
who died were not. We create a range of different binary distinctions of ‘healthy vs less-healthy’,
using the available individual data on height and BMI. These results are presented in table 5.
The first column repeats the baseline estimates, with no sample bias adjustment, but using the
smaller sample of DHS countries for which the sister method to estimate maternal mortality
is feasible. In this sample, a 1 point increase in BMI is associated with a 0.046% increase in
the probability of twinning. The remaining columns attempt to adjust for sample selection as
described. As expected, the adjustment reduces the importance of positive maternal health
in predicting twinning, with the coefficient on BMI falling from 0.0460 to 0.0437 in column
2. In subsequent columns we conduct a similar exercise, but use successively less conservative
assumptions to define “less-healthy” women. Even in the final column, where the entire bottom
half of the anthropometric distribution is assumed less-healthy, the coefficient on both height and

BMI remains positive and significant in the simulated sample.'* Overall, these results establish

4Examining selection in this way (as per Alderman et al. (2011)) is only one way to examine the effect
of selection on estimated coefficients. An alternative measure as proposed by Lee (2009) involves trimming
the control and treatment group (in our case unhealthy and healthy mothers), to account for differential
selection by treatment status. This results in bounds estimates of the effect of treatment (good health)
on the outcome variable (twinning). We report Lee bounds in appendix table A10, however note that
these bounds are based on the assumption that treatment is random, which here it is not. Nonetheless,
Lee (2009) bounds agree with the simulated estimates in table 5, providing further evidence that selective
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that maternal mortality selection does not drive the DHS results. As discussed, this sort of

selection is ruled out by construction in the four data sets we have for richer countries.

Part II — The Quantity—Quality Trade-off

Since the pioneering work of Rosenzweig and Wolpin (1980a), economists have attempted to
leverage the occurrence of twin births to estimate the effect of family size on child outcomes. If
twin births occur at random, their occurrence constitutes a fertility shock that is uncorrelated
with family characteristics, including parental preferences, and other unobservables which may be
related to child quality. This provides the exogenous variation (in quantity) required to estimate
the quantity—quality model of Becker (1960); Becker and Lewis (1973); Becker and Tomes (1976).
The essential idea of these studies is that the shadow price of child quantity is increasing in child
quality and vice versa. By comparing families that unexpectedly produced an additional child
with families that produced only singleton births, it is argued that the quantity—quality trade-off

can be identified.

However, consistent estimation of the trade-off rests on the untestable premise that twinning
is exogenous. This requires not only that twin conceptions are randomly assigned to families,
but also that taking a twin conception to term does not depend upon a woman’s behaviours or
stress exposures during pregnancy or on her endowments prior to pregnancy. As comprehensively

documented in Part 1 of this paper, this is at odds with the evidence.

In this section of the paper, we first present a brief review of the literature on the QQ trade-
off, underlining that the recent consensus seems to be that a trade-off does not exist, at least
for the commonly used measures of child quality. We then present the essentials of the 2SLS
approach in which twins are used to instrument fertility so that we can formalize the bias that we
assert in the Introduction. We then demonstrate the nature of the bias and the extent to which
it is rectified using available measures of maternal health from two data sets, one for the United
States (the NHIS) and one that pools developing countries (the DHS). We then explain how we
estimate bounds. Importantly, we estimate the extent of the failure of the exclusion restriction
using two natural experiments, one set in the United States, and one in Nigeria. The estimated

bounds are, in general, negative, consistent with a QQ trade-off.

maternal survival is not enough to explain the correlation between maternal health and twinning.
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The Quantity—Quality Trade-off

A long-standing theoretical result in the literature on human capital formation and, in particular,
family responses to child-bearing is the existence of a quality-quantity trade-off (Becker, 1960;
Becker and Lewis, 1973; Willis, 1973; De Tray, 1973; Becker and Tomes, 1976). This is consistent
with casual evidence. An empirical regularity that has been noted in cross-sectional and time
series data is that children from large families have weaker educational outcomes (Hanushek,
1992; Blake, 1989; Galor, 2012). Using the data we shall analyse further in this section from the
USA and developing countries, we replicate this pattern of growth in human capital accumulation

being concurrent with fertility decline in online appendix figures A5 and AG.

However, the empirical literature seeking to identify the quantity—quality trade-off within
households is ambiguous. Early work including Hanushek (1992) and Rosenzweig and Wolpin
(1980a) documented significant negative effects of additional births within a family on average
child educational outcomes. More recent work contains mixed results. Using IV or difference-in-
differences approaches, recent results include a significantly positive relationship (Qian, 2009),
a significant negative relationship (Grawe, 2008; Ponczek and Souza, 2012a; Lee, 2008; Becker
et al., 2010; Bougma et al., 2015) and no significant relationship (Black et al., 2005; Angrist et al.,
2010; Fitzsimons and Malde, 2010; Aslund and Grénqvist, 2010).'> More recently, it has been
argued that where the usual twin-IV approach identifies no significant relationship, allowing for
non-linear and non-monotonic effects of family fertility on children’s education leads to emergence

of a negative relationship (Brinch et al., Forthcoming; Mogstad and Wiswall, 2016).

The twin instrument has been widely used in other contexts too. It has been used to estimate
the effects of childbearing on women’s labour force participation (Rosenzweig and Wolpin, 1980b;
Jacobsen et al., 1999; Angrist and Evans, 1998), and the consequences of out of wedlock births
on marriage market outcomes, poverty and welfare receipt (Bronars and Grogger, 1994). Within-
twin comparisons have also been widely used in the economics, medical, biology and psychology
literature. In this paper we focus upon the use of twin births as an instrument for total fertility,
although we observed in Part I of the paper that our point about twins being born to positively

selected mothers raises a challenge to the external validity of studies relying upon twin differences.

Early studies in the IV literature recognize that twins are only as good as random conditional
on maternal age and parity (Rosenzweig and Wolpin, 1980a). Some studies restrict the sample to

births that occur before the introduction of fertility treatments (Caceres-Delpiano, 2006; Angrist

15 A fuller description of these empirical results, their magnitude and their context is provided in Clarke
(2016).
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et al., 2010), or they drop families undergoing fertility treatment (Braakmann and Wildman,
2014). The more recent wave of twin studies refurbish the controls to include the mother’s race
and educational attainment. In some cases the validity of the conditional randomness assumption
is directly probed by regressing the occurrence of twin birth on observable family outcomes, or
testing for the equality of means of characteristics such as mother’s education between twin and
non-twin families (see Black et al. (2005), Li et al. (2008), Rosenzweig and Zhang (2009)).¢
However, as is well known and acknowledged in each case, any such tests are at best partial
evidence in support of instrumental validity. Importantly, no previous study has attempted to

control for maternal health conditions or behaviours.

As discussed in Part 1, the twin instrument has previously been criticised for other reasons.
For instance, a recent critique has focused upon parental behaviours responding to twins rather
than, as here, on the likelihood that parental behaviours affect the likelihood of twinning. In
particular, Rosenzweig and Zhang (2009) highlight that twins have lower birth endowments (also
see Almond et al. (2005)). This is also evident in our data (see appendix figures A7 and AS).
They argue that if parents reinforce endowments then this behaviour may obscure an underlying
QQ trade-off (this is examined in Angrist et al. (2010) and Fitzsimons and Malde (2014)). We
remain agnostic on this. Our critique is in principle orthogonal to this critique, providing a
different reason that an underlying QQ trade-off may be obscured. Since our critique pertains to
omitted variables indicating maternal (and hence foetal) health, we test our critique by working

with this particular omitted variables bias as discussed next.

1 Methodology

1.1 The Quantity—Quality Trade-off: OLS Estimates

Empirical analyses of the quantity—quality trade-off attempt to produce consistent estimates of

a1 in the following population equation:
quality;; = o + cquantity; + Xag + €5 (4)

Here, quality is a measure of human capital attainment of, or investment in, child ¢ in family j,
and quantity is fertility or the number of siblings of child 7. A significant QQ trade-off implies
that @3 < 0. Relevant family and child level controls are included, denoted X. As has been

16 Appendix table A12 provides an inventory of some highly cited studies of the QQ trade-off in which
twins are used to instrument fertility, including information on the controls included in each case.
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extensively discussed in a previous literature, estimation of a; using OLS will result in biased
coefficients given that child quality and quantity are jointly determined (Becker and Lewis, 1973;
Becker and Tomes, 1976), and unobservable parental behaviours and attributes influence both

fertility decisions, and investments in children’s education (Qian, 2009).

The direction of the OLS bias is determined by the sign on the conditional correlation
between quantity; and the unobserved error term: E[quantity; - €;;|X].'" If mothers with
weaker preferences for child quality have more children, OLS estimates will overstate the true
QQ trade-off, and the converse will hold for positive selection into fertility. For the case of

negative selection, which is what most previous studies suggest:

Elquantity; - €;;|X] <0 <  E[&1] < a;.

If all variables which predict selection into fertility could be observed and controlled for, OLS
estimates would converge to the true value of a. Define ¢ = H + S + ¢*, where we partition
the stochastic error term into a vector of observable measures of mother’s health capital (H),
socioeconomic variables (S), and all other unobserved components (¢*). Assuming no covariance
between the three components of the error term,'® the step-by-step removal of selection variables
will result in the estimated coefficient becoming continually closer to the true parameter. For

negative selection on fertility this implies:
Ela] < Ela] < Bla7T7] < ;.

In the above, &; refers to the estimated coefficient on quantity in (4) when running a naive

regression without controls. The coefficients &} and df +HH yefer to (respectively) coefficients
when the model is augmented to control for observable health capital H, and then also observable

socioeconomic status S.

Hypothesis 1: If there is negative selection into fertility then OLS will over-estimate the mag-

1"In the simplest case of a single included (endogenous) variable with both quality;; and quantity; re-
formulated as deviations from their means, the omitted bias formula gives: E[d1] = ax +Z£V:1 quantity; -
Eij/zzl-vzl quantity; - quantity; and given that the denominator of the second term is strictly positive,
the bias E[&1] — a1 is directly proportional and of the same sign as vazl quantity; - ;5.

18This assumption can be loosened with little implication for the analysis which follows. If we do not
assume additive separability, covariance terms between each error component must be included when
considering movements in the estimate &1. However, given that the covariance between elements of S
and H is likely to be positive, and given that the covariance between each of these and other unobserved
variables which positively affect child quality are also likely to be positive, the omission of the covariance
terms does not effect the inequalities discussed below. This is something which we test empirically later
in this paper. Recent work by Gelbach (2016) examines more formally how estimated covariates depend
on the step-wise inclusion of additional variables in a regression.
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nitude of the true trade-off. Addition of variables predicting selection as controls will lead to the

OLS estimate approaching the population value from below.'?

1.2 The Twin Instrument for Fertility

Following the seminal work of (Rosenzweig and Wolpin, 1980a), fertility has been instrumented
with the incidence of twin births on the premise that they constitute an exogenous shock to

family size.?’ The 2SLS specification can be written as:

quantity; = mo + mitwing + X7g + vyj, (5a)
quality;; = Bo + Birquantity; + X Ba + 1. (5b)

where twin; is an indicator for whether the nt" birth in family j is a twin birth. As described
further in section 2.2, a series of samples are constructed, referred to as the n+ groups, and
consisting of children born before birth n in families with at least n births. The idea is that
children born prior to birth n (the subjects) are randomly assigned either one (control group)
or two (treatment group) siblings at the n'” birth, and this allows us to estimate causal impacts
of the additional birth on investments in or outcomes of these children. The twins themselves
are excluded from the estimation sample.?! If twins are a valid instrument, the parameter 3; is

consistent and hence equal to the parameter « from the population equation 4.

In Part I of this paper we provide compelling evidence that challenges the validity of the
twin instrument and that implies that a range of omitted variables for maternal health may con-

taminate 7;;. If mothers who invest more in their pregnancies (for instance by averting smoking)

19A natural corollary of this is that if fertility were positively selected (Fort et al., 2016; Myrskyli,
et al., 2009), then OLS would under-estimate the magnitude of the true trade-off and adding variables
predicting fertility selection as controls would lead to the estimate approaching its true value from above.
However, unobservable heterogeneity will remain and the size of the residual bias cannot be determined
without imposing some additional assumption about the degree of selection on unobservables. Later we
will see that our estimates indicate negative selection into fertility.

200ther approaches include instrumenting with the gender mix of the first two children (Angrist and
Evans, 1998; Conley and Glauber, 2006), or exploiting policy experiments such as the introduction
and subsequent relaxation of the one child policy in China (Qian, 2009; Argys and Averett, 2015),
the eradication of hookworm (Bleakley and Lange, 2009) and the introduction of antibiotics in the US
(Bhalotra et al., 2016).

21This takes care of the concern that since twins tend to be born with weaker endowments (e.g. birth
weight), they will tend to have systematically different quality outcomes. Using data from the United
States, Almond et al. (2005) document that twins have substantially lower birth weight, lower APGAR
scores, higher use of assisted ventilation at birth and lower gestation period than singletons. In our data
samples similar endowment differences are observed. For example, appendix figure A7 documents the
much larger average reported birth size of twins versus singletons in DHS data. Birth weight figures
show similar patterns from United States administrative data (appendix figure AR).
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also invest more in their children after birth, then the twin-IV estimates will be inconsistent.
We demonstrated positive selection of mothers of twins in Part I using measures of the mother’s

health and education. This implies:

N
. 1 . . A
plimy_, ~ g twin; -n; > 0 & plimy_, o f1 > fir.

i=1

As in the preceding OLS discussion, we can partition n;; = H + S + n;, and additional
controls can be added in a step-wise manner to the twin-IV regressions. Assuming again, for
simplicity, no correlation between the error terms, removing sources of bias from 7;; in sequence

will result in the following series of estimated coefficients:
plim Bl > plim Bls > plim /B’f*H > f1.

The estimated parameter will approach the population parameter from above. Since, as discussed
in Part 1, all determinants of twin birth are virtually impossible to account for, twin-IV will

under-estimate the true magnitude of the QQ trade-off, leading to hypothesis 2.

Hypothesis 2: If women who produce live twin births are positively selected, the twin-IV
estimator will under-estimate the true QQ trade-off, although addition of predictors of twins as

controls will lead to the estimate approaching the true value from above.

1.3 Bounds Derived by Bias Adjustment

If women with high fertility are negatively selected and women with twin births are positively
selected then the true parameter will lie between the OLS and twin-IV estimates, and bias

adjustment will tighten these bounds. In particular:

Eléy] < E[a¥] < Ela?] < ay = By < plim 7 < plim 7 < plim §;.

Hypothesis 3: If there is negative selection of women into (higher) fertility and positive selection
of women into twin births, then the OLS and twin-IV estimators will provide bounds on the true
parameter and we can tighten these bounds by adjusting for the influence of variables which

predict selection.??

22If instead women exhibiting high fertility are positively selected then both sets of estimates will
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An alternative and frequently employed method of bias adjustment in OLS estimates with
selection is provided by Altonji et al. (2005) with extensions in Oster (2013). In this case, rather
than simply inferring the sign of bias from coefficient movements, the likelihood that a; = 0
is inferred from comparing parameter estimates with and without controlling for observables.
Following Altonji et al. (2005), if selection on observables is informative for selection on unob-
servables, then observing only a small difference in estimated coefficients between the baseline
estimate (&) and the estimate obtained after conditioning upon all relevant observables (&5 ™)
provides evidence that any unobservable predictors will have small impacts on the estimated
coefficient. Using this insight, we can determine how much selection on unobservables is re-
quired compared to selection on observables to explain away the QQ trade-off. More recently,
Oster (2013) suggests that the explanatory power of unobservables and observables should be
considered together and suggests that as well as making an assumption regarding the relative
importance of unobservables and observables in the process of interest, a maximum R-squared,
Rynax should be defined, which is the R-squared of a (theoretical) model where the variable of

interest is regressed on all observable and unobservable variables.

Following Altonji et al. (2005) and Oster (2013) we are thus able to use our OLS estimates
&1 and &7 to ask how important unobservables must be with respect to observables for the
true QQ trade-off to be zero. This leads to a single estimate of the ratio of unobservables to
observables rather than an estimate of the parameter estimate itself. However, in inverting the
logic, we can also construct bounds on the estimate of ay. As Oster (2013) documents, when
defining the relative importance of observables and observables as well as the R,,,; outlined
above, we arrive at a set estimator for ay. We follow Oster and Alonji et al. in defining equal
selection, and follow Oster in defining a maximum R-squared of 1.3 times the R-squared from

a model estimated only with the full set of observable controls.?? Under these assumptions, we

approach the population parameter from above, and so no lower bound estimate will exist:

plim 31 > plim 3{ > plim 35 > B,
Elé1] > Ela7] > E[ai™] > a1.

23This criterion is defined based on analysis of randomised studies in which unbiased treatment effects
are known by design. As stated in Oster (2013), pp 5-6:

There is considerable variation across papers in the robustness of stability claims, but this
does not suggest an appropriate general value for the bound on Ry,qz. There are many
possible ways to calculate such a bound. In Section 5, I suggest one: that randomized
results might provide a bounding value. I use a sample of randomized papers, also from top
journals, to derive cutoff values of II which would allow at least 90% of randomized results
to survive: this value is II = 1.3. To the extent that this is an attractive methodology
for generating bounds on R, it suggests that researchers might calculate a bias-adjusted
treatment effect bound using a value of Ryae = 1.3R. In the sample of non-randomized
results considered, about 45% would survive this standard.
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can derive bounds on the OLS estimates.

1.4 Estimating IV Bounds under Plausible Exogeneity

In this section we describe an alternative approach to inference for IV models developed by Conley
et al. (2012) for cases when the instrument is plausible but fails the exclusion restriction.?* They
provide an operational definition of plausibly (or approximately) exogenous instruments, defining
a parameter ~ that reflects how close the exclusion restriction is to being satisfied in the following

model (adapted to the QQ model for this paper):
quality;; = 0o + 01quantity; + ytwin; + X dzx + V;;. (6)

Since the parameters §; and y are not jointly identified, prior information or assumptions about
~ are used to obtain estimates of the parameter of interest, ;. The IV exclusion restriction
is equivalent to imposing ex-ante that 7 is precisely equal to zero. As Conley et al. (2012) lay
out, rather than assuming strict exogeneity, one can define plausible exogeneity as a situation in
which « is likely near, but not precisely equal to zero. By estimating or imposing some (weaker)
restriction on +, this buys the identifying information to bound the parameter of interest, even
when the IV exclusion restriction does not hold exactly. Conley et al.’s methods are ideally suited
to the empirical application of this paper. They show that their bounds are most informative

when the instruments are strong, and the twin instrument is strong (evidence below).

In Part I of this paper, we provide evidence that leads us to suspect that v will not equal zero.
Specifically, v will reflect the effect of unobserved maternal health on child quality, interacted

with the degree to which twin mothers are healthier than non-twin mothers.?”

Conley et al. (2012) show that bounds for the IV parameter §; from equation 5b can be
generated under a series of assumptions regarding . These include a simple assumption regarding
the support of v (their “Union of Confidence Intervals” approach), or a fully specified prior for
the distribution of v (their “Local to Zero approach”). In the latter case, a correctly specified
prior often leads to tighter bounds. This suggests the following:

24Nevo and Rosen (2012) propose a bounds estimate for IV of a broadly similar nature. Inference
in this case depends on assumptions about the direction of correlation between the instrument and the
error term. They denote this as p.;«, which is analogous to the sign of v in Conley et al.’s framework
which we apply here.

25Tf one or other of these conditional correlations is equal to zero, IV estimates will not be inconsistent.
We have shown that twin mothers are healthier but for this to challenge the exclusion restriction, we
would also have to have that maternal health has a direct impact on child quality. Below we discuss how
this can be estimated.
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Hypothesis 4: If we have an unbiased estimate of 7, a measure of the extent of the invalidity

of the exclusion restriction, we can estimate bounds on the QQ trade-off.

From equation 6,  represents the conditional effect of being born of a twin mother on child
quality:
_ Oquality;;
- Otwin, ¥
In practice, bounds identification based on v only pushes the identification problem back by one

step, as consistent bounds rely on having an unbiased estimate of +, which is not trivial.

So as to obtain a consistent estimate of «y, albeit from different samples, we exploit quasi-
experimental changes in maternal health (health;) and use these to obtain consistent estimates
of the impact of maternal health on (a) child quality and (b) the probability of a twin birth. We

then ‘scale’ the first by the second. First, we estimate

Oquality;;

Dhealth, |, ~ "

X

Under the assumption that the change in health is quasi-experimental, this is a causal estimate
of a 1 unit change in health; on child quality. Since v is the effect of maternal health scaled by

the difference in health between twin and non-twin mothers we also estimate :

Ohealth;
Otwin

= ¢y.

X

With these two parameters in hand, we obtain a causal estimate of v as:

_ Oquality;;

_ Oquality;;
¥ B Ohealth;

Ohealth,
¥ Otwing

= g X 1. (7)

X

Otwin

As it involves the estimated quantities (;ASq and $q7 ~ will be subject to sampling uncertainty:
g = aq X (Et. Thus, the estimate 4 will have a distribution. If we can estimates both 7 and its
distribution, this gives us the consistent prior for the full distribution of + required in Conley
et al.’s LTZ approach. We estimate the distribution using resampling (bootstrap) methods, using
6

which we can compare the analytical distribution with a series of known distributions?®, or indeed

use the analytical distribution of 7 directly in the bounds estimate of 5;.2” We provide a full

261f, for example, we determine that ~ is normally distributed, estimation then proceeds by imposing
the prior distribution for ~ as:

5~ Ny, 52). (8)

2"Conley et al. (2012) discuss a simulation-based algorithm (p. 265) for estimation, which can be
used given any prior, including non-normal priors, for the distribution of +. In practice, our preferred
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description of this resampling process in online appendix D.

Implementing this approach imposes fairly strong data requirements. We require data that
capture differential exposure of women to a quasi-experimental change in their pre-pregnancy
health, together with measures of the quality of their children. In addition, we need information
on the prevalence of twin births in this sample of women. In the follow subsections, we describe
two studies, one set in the United States, and the other in Nigeria, which offer a large and
representative sample of women with birth data and intergenerational linkage (i.e. the capacity to
identify their births, and some outcomes for their births), and in which we observe the incidence of
a quasi-experimental shock to maternal health. In the United States the shock is the introduction
of antibiotics in 1937 and in Nigeria it is the Biafra war that raged through 1967-1970. We show

how we exploit these cases to estimate v and its distribution.

1.4.1 Estimating 7: A case from the United States

The first antibiotics, sulfonamide drugs, were introduced across the United States in 1937, fol-
lowing clinical trials in London and New York and there was nothing else on the stage until
penicillin was introduced during the Second War. There was immediate and widespread uptake
and the drugs were hailed as a “miracle” (Lesch, 2006). Their arrival was associated with a sharp
drop in a range of infectious diseases that were treatable by these drugs (Jayachandran et al.,
2010). In particular, pneumonia, the leading cause of death among children after congenital
causes, fell sharply and this decline was largest among infants (Bhalotra and Venkataramani,
2014). Although there are no direct measures of the adult health of individuals exposed to the
antibiotics at birth, it is plausible that infant health improvements persist and generate improve-
ments in adult health; some evidence of this is in (Almond et al., 2011; Butikofer and Salvanes,
2015; Hjort et al., 2016; Bhalotra et al., 2015). What is pertinent for our purposes is whether
any improvements in the adult health of women are such as to influence the quality of their
children. We therefore estimate this reduced form using the identification strategy of Bhalotra
and Venkataramani (2014) but with outcomes of the children of exposed women rather than the
outcomes of the women themselves as dependent variables. Identification exploits the timing of
this shock to health at birth together with the fact that the largest drops in pneumonia occurred
in states with the highest initial burdens of disease. This assumes that states with high vs low
burdens of penumonia did not have different trends in the outcomes before the introduction of

antibiotics. To demonstrate that this is the case we estimated an event study (see appendix

estimates are based on the entire empirical distribution.
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figure A9).?8

Let m signify the mother, and m + 1 signify her children. Using the United States micro-
census files, we estimate:

qualitym T = o+ ¢1(Posty x basePneumonial’) + Ops + nrt + ©X0 + Ape + (05 X £) + €s1e (9)

stc

where ¢7 is an estimate of the change in child quality associated with the mother’s exposure to
antibiotics in her infancy. The pre-intervention mean pneumonia mortality rate at the state level,
s, is denoted base Pneumonia? and interacted with (Post;), which indicates birth cohorts 1937
and after. We control for race-specific fixed effects for census year ¢, mother’s birth cohort c,
and mother’s birth state s as well as state-specific linear time trends. The coefficient of interest
is of similar size and significance conditional upon the state and time varying controls (health
and education infrastructure, state income) and upon a vector of rates of mortality from control
diseases (diseases not treatable with sulfanomides) interacted with the indicator post (these

results are available upon request).

The second step is to estimate the association of the health shock experienced by women at
their birth with the probability that they have a twin birth. This is an experimental analogue
of the associations we present in Part 1 of this paper. We take the conditional average rate of
baseline pneumonia in the state of residence for all women who give birth to a twin, and the
similar conditional rate for non-twin mothers, using the same controls as in equation 9. In other

words, we calculate
ObP;

dtwin; |

P— —
¢1 = bpstwinjzl|X*sttwinj:0|X:

In view of our findings in Part 1 our expectation is that women with lower exposure to pneumonia

at birth will be more likely to have twins, and hence ¢f < 0.

As discussed, with these two quantities in hand, we can estimate - by taking their product:

Oquality;; » ObP;
ObP; Otwin,

_ Oquality;;

1 x o1 = =s. (10)

¥ Otwin; |

We can plug this into our estimates of the bounds on ; using following Conley et al. (2012), as

described earlier.

28Bhalotra and Venkataramani (2014) demonstrate parallel trends for first generation outcomes; we
demonstrate this for second generation outcomes.
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1.4.2 Estimating v in Nigeria

Since we shall proceed to analyse alternative estimators of the QQ trade-off in developing coun-
tries and not only in the US, we obtained an estimate of v from Nigeria. Here, we exploit the
exposure of individuals through their growing years to the Nigerian civil war. This was the first
modern war in sub-Saharan Africa after independence and one of the bloodiest. It raged in Biafra,
the secessionist region in the South-East of Nigeria from 6 July 1967 to 15 January 1970, killing
between 1 to 3 million people and causing widespread malnutrition and devastation. The war
created a virtual famine in the Southeast, where it was fought, and the effects of under-nutrition
were potentially reinforced by trauma and the increased incidence of infections. Akresh et al.
(2012, 2016) investigate long run effects of war exposure, exploiting the differential exposure of
the Christian Igho community resident in Biafra relative to other ethnic groups (in other states),
interacted with the timing of the war. They show that women exposed to the war were shorter
as adults, and more likely to be over-weight. As height and obesity are measures of health, they
thus establish that the war was a shock to maternal health. We use their identification strategy
to estimate impacts on children’s education of the mother being exposed to the war in utero,

using a continuous measure for the number of months exposed.

The estimated equation is :
qualityh = a + pdwar 4+ ap + 0 + As + pet + Uipes (11)

for woman 7 of ethnicity e born in year ¢t and state s. The indicator of quality is a z-score
(standardized by age and gender) for the years of education of children in generation m + 1 and

qgg is the reduced form effect on this of the maternal health shock created by the war. Analogous

Jwar
dtwin

to the US case, we thus estimate @b = WaTiyin—1 — WaT twin—0 = , so that we can estimate

v, the twin-mediated effect of maternal health on child-quality as:

_ Oquality;;

Oquality;; “ owars

d)g X qﬁg = = YNigeria- (12)

owar, Otwing X_ Otwing |
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2 Data and Estimation Samples

2.1 Data

We shall consistently estimate OLS and twin-IV estimates employing microdata from the US
and from a sample of 68 developing countries. In order to estimate the (health and SES aug-
mented) specification 4, we require information on sibling-linked births, measures of child quality
and characteristics of the mother that include indicators of her health in addition to the more
commonly available age, race and education. The data we use are chosen to satisfy these require-
ments. These are the United States National Health Interview Surveys (NHIS), which have been
fielded in an identical way from 2004-2014, and the Demographic and Health Surveys (DHS)
for 68 countries, which have been applied over 20 years using a broadly similar design. Further
details on the data are provided in online appendix C. In appendix tables A8 and A9 we show
that the twin non-randomness argument described in part I also holds in these datasets, even

when focusing on births occurring in a pre-IVF time period.

In both data sets, children are included in the sample if aged between 6 and 18 years when sur-
veyed. While ideally we would observe completed education, to our knowledge no large datasets
are available measuring child’s completed education, mother’s total fertility, and a wide range of
maternal health measures taken before the birth of the child. We would have liked to use the data
used in recent prominent studies of the QQ trade-off (Black et al., 2005; Angrist et al., 2010),
but the Israeli data do not contain indicators of maternal condition or maternal behaviours, and

the Norwegian data are not publicly accessible.

A measure of child ‘quality’ available in both data sets is educational attainment. Since the
children are 6-18 and in the process of acquiring education, we use an age-standardized z-score.
In the DHS, the reference group consists of children in the same country and birth cohort, while
in the NHIS, it consists of children with the same month and year of birth. Thus coefficients
are expressed in standard deviations. While in the developing country setting relative school
progress is an appropriate measure of child human capital given high rates of dropout and/or
over-age school entry, this is not the case in the USA. In these data, grade-retention is a relevant
measure of educational progress. It is estimated that between 2 and 6% of children are held back
at least one grade in primary school (Warren et al., 2014). The NHIS also provides a subjectively
assessed binary indicator of child health (excellent or not), which we model as an additional

indicator of child quality.?’

2While we would also like to analyze a health measure in the developing country sample, anthro-
pometrics are only available for births that occur within five (or fewer) years of the survey, and infant
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Appendix table A2 provides summary statistics for the DHS and NHIS data. Fertility and
maternal characteristics are described at the level of the mother, while child education, and
health outcomes are described at the level of the child. Twin births make up 1.98% of all births
in the DHS sample, and 2.57% in the NHIS sample (a similar share to that in the US birth
certificate data described in figure A2a). As expected, twin families are larger than non-twin
families. Figure 4 describes total fertility in twin and non-twin families. The distribution of
family size in families where at least one twin birth has occurred dominates the corresponding
distribution for all-singleton families in both the DHS sample (figure 4a) and the US sample

(figure 4b). This establishes the relevance (power) of the twin instrument for fertility.

2.2 Estimation Samples

Studies that instrument fertility with the occurrence of a twin birth leverage the unexpected
additional child to study impacts on outcomes of siblings born before the additional child. Define
families with at least two birth events as 2+ families. In this group, we shall compare families
in which twins occur at the second birth event (treated group) with families in which a singleton
occurs at second order (control group). The subjects, for whom we measure indicators of child
quality (proxies for parental investment) are the first-born children. Following Black et al. (2005),
we similarly construct a 34+ sample which consists of families with at least three birth events
and then we compare outcomes for the first two births across families that have a twin birth at
order three (treated) and families that have a single birth at order three (control). Many existing
studies, such as Angrist et al. (2010), focus upon the 2+ and 3+ samples. Given higher fertility
rates in the developing country sample that we analyse, we also include 4+ families in which

twins occur at fourth order and outcomes are studied for the first three births.

Restricting the sample to families with at least n births in this way primarily ensures that we
avoid selection on preferences over family size. It also addresses the potential problem that, since
the likelihood of a twin birth is increasing in birth order (see figures A10 and A11)3", increasing

family size raises the chances of having a twin birth.

mortality is unsuitable as the twin-IV estimator involves analysing child quality for children born prior
to twins who will have already been fully exposed to infant mortality risk by the time the twins were
born.

39Such a relationship is an empirical regularity in all data examined. Rosenzweig and Wolpin (1980a)
report rates which increase by parity in USA (see also appendix figure A10). In DHS data a similar
pattern is observed, as presented in appendix figure A11.
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3 Results: Estimates of the QQ trade-off

We initially present the routine OLS and twin-IV estimates since, under the assumptions about
selection into fertility discussed in section 1.1, these provide bounds on the true parameter. In
each case, we show how these estimates are modified upon addition of available controls for the
mother’s health. So as to ascertain that the indicators of health are not simply proxying for
socio-economic status, we then introduce controls for mother’s education.?' Our expectation is
that the introduction of controls will tighten the bounds, diminishing the size of the trade-off

estimated by OLS and increasing the size of the trade-off estimated by IV.

The former would confirm the hypothesis of negative selection into fertility and the latter
would confirm positive selection into twin birth, affording a direct test of our hypothesis that
the twin-IV estimator is biased downward by virtue of twins being born to healthier mothers.
Having presented the standard results, illustrated the direction of partial bias-adjustment, and
established OLS-IV bounds, we move on to estimating bounds on the twin-IV estimates under
the assumption that the twin instrument is plausibly exogenous if not strictly exogenous. In
estimating the Conley et al. (2012) bounds we make a substantive contribution by estimating
the degree of violation of the twin exclusion restriction by exploiting natural experiments in two
quite different settings, in both of which there are exogenous changes to maternal health that we
leverage to estimate both how this modifies the probability of a twin birth and how it influences

measures of child quality.

3.1 The QQ Trade-off

3.1.1 OLS Estimates

Samples and controls OLS results for the developing country and the US samples are presented
in Table 6. To avoid confounding of the estimates by fertility preferences, results are presented
for three n+ samples in which twinning occurs at birth order n, V n € {2,3,4} and the outcomes
are studied for all pre-twin births i.e. the first-born to the n — 1 born child. We consistently
control for fixed effects for age of the child, age of mother at survey date, age of mother at birth
and race. In the developing country sample we also condition on country and survey year fixed

effects, and we show results with birth order controls. The available controls for mother’s health

31 As discussed in Part 1, to the extent that educated women exhibit healthier behaviours (Currie and
Moretti, 2003; Lleras-Muney and Lichtenberg, 2005), education may influence twin births via its impact
on health-related behaviours that we do not have the data to capture directly.
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are height, BMI and cluster-level health service availability in the developing country sample, and
BMI and a self-reported assessment of own health on a Likert scale in the US sample. In both
samples, the control for socioeconomic status is years of education of the mother (see Appendix
Table A2 for summary statistics of these variables) and in the developing country sample we also

control for the wealth quintile of the mother.

Estimates with and without partial adjustment: Developing countries Consider the
estimates for developing countries in Panel A of table 6. The baseline specifications show that
an additional child in the family is associated with a reduction of 12.3 to 15.2% of a standard
deviation in a child’s educational progress relative to their birth cohort. The introduction of
observable controls: first for mother’s health and then for mother’s health and education pro-
gressively reduces the estimated trade-off to nearly half of the initial value (between 6.6 and
8.5% of a standard deviation). This confirms negative fertility selection. This suggests an upper
bound on the QQ trade-off of between 6.6 and 8.5% of a standard deviation. The estimated
education-fertility trade-off is decreasing in the birth order at which twins (the additional child)
occur, i.e. it is largest in the 2+ sample and smallest in the 44 sample. In contrast to the case
in Black et al. (2005), the controls for birth order do not eliminate the trade-off (see appendix
table A13).

Bounds on the OLS estimates: Developing countries Although the introduction of relevant
observables diminishes the trade-off, consistent with a diminishing of the OLS-bias, the adjusted
OLS estimates remain potentially biased on account of multitude unobservables. So as to gain
some sense of the size of the residual bias, we follow Altonji et al. (2005) and estimate how
important additional unobservable controls must be compared to observable controls for the
true effect a1 to be zero. We also present the Oster statistic (see table 6) and, for both, we
rely upon the third column of each group that includes the richest set of observables. The
Altonji et al. statistic suggests that unobservable characteristics of the mother would need to
be about 1.2 times as important as observables for the OLS estimate of the QQ trade-off to be
entirely driven by selection into fertility. This assumes that selection on unobservables scales with
selection on observables. We can relax this assumption if we are willing to impose a maximum
R-squared on the theoretical reduced form regression (4) when including all relevant observable
and unobservable elements. As discussed in section 1.3 we follow Oster (2013)’s suggestion of
inflating the R-squared from the specification with full observable controls by 30% to arrive to
our maximum theoretical R-squared. The Oster bounds place the estimate for the QQ trade-off

between 2% and 8% of a standard deviation in educational attainment.

Estimates and bounds: the USA These estimates are in Panel B of table 6 presents the

OLS estimates with and without controls for maternal characteristics, along with the Altonji
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and Oster statistics for the US sample. The baseline estimates imply that an additional child
within the family is associated with a 2.3 to 4.4% standard deviation reduction in education
progress. Again, in line with negative selection into fertility, controlling for maternal health and
socioeconomic status tends to halve the size of this trade-off, to between 1.0 and 2.4% of a s.d.
(in the 4+ sample, which is a relatively small sample, the coefficient of 1.0% of a s.d. is not
statistically significant). A similar pattern of results emerges using child health. The unadjusted
OLS estimates imply that an additional sibling reduces the health of older siblings by between
1.1 and 2.8%. As for education, there is a clear diminishing of the estimated trade-off upon
adjustment for maternal characteristics. It falls by half or a third, to between 0.3 and 1.7%. The
trade-off is similar for the 2+ and 3+ samples and smaller and insignificant in the 4+ sample.
However, for health, this “gradient” is reversed and the largest child health—fertility trade-off
is in the 4+ sample and the smallest in the 2+ sample. Note that results conditional upon
birth order are in appendix table A14 and as for the DHS sample, the trade-off is robust to
these controls. The Altonji et al. ratio ranges from a large value of 2, providing quite strong
evidence of a significant trade-off, to values as low as 0.5, suggesting that if unobservables are
only half as important as observables, the true effect would be 0. In each of the specifications
for health, Oster’s bounds imply the presence of a QQ trade-off, albeit small, but in two of
three specifications for educational attainment, the bounds include zero, implying that for these

samples we cannot sign the relationship.

3.1.2 1V Estimates with the Twin Instrument

IV estimates using the twin instrument are in tables 7 (DHS) and 8 (US), the first-stage estimates

are in panel A and the second stage estimates in panel B.

IV Estimates: Developing Countries. The first stage estimates demonstrate the well-known
power of the twin instrument. It consistently passes weak instrument tests (the Kleibergen-
Paap rk statistic and its p-value is presented in panel A). The point estimates indicate that the
incidence of twins raises total fertility by about 0.7 to 0.8 births. That this estimate is always less
than one is in line with other estimates in the twin literature and is evidence of partial reduction
of future fertility following twin births (compensating behaviour). Consistent with this, the first
stage coefficient is increasing in parity. In panel B, the first column (“Base”) for each parity
group presents estimates of Bl from equation 5a using the current state of the art twin-IV 2SLS
estimator. In each of the three samples, in line with the findings of recent studies (Angrist et al.
(2010); Black et al. (2005); Céceres-Delpiano (2006); Fitzsimons and Malde (2014); Aslund and
Gronqvist (2010), we find no significant QQ trade-off. This is not simply because IV estimates are
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less precise than OLS estimates (as emphasized in Angrist et al. (2010)), rather, the coefficients

are much smaller.

Consistent with our hypothesis and the evidence we present in Part 1 that twin mothers
are positively selected on health (and education), we see that introducing controls for maternal
selectors of twinning, a QQ trade-off emerges in the 3+ and 4+ samples, even though the available
controls are almost certainly a partial representation of the range of relevant facets of maternal
health stocks, health-related behaviours and environmental influences on foetal health. The bias
adjustment is meaningful and statistically significant. In the 3+ sample, the commonly estimated
specification produces a point estimate of 2.8% which is not statistically significant, and partial
bias adjustment raises this to 4% (conditional on maternal health indicators) or 4.6% (if mother’s

education is also included). In the 4+ sample, the corresponding figures are 2.7% and 3.7%.

As discussed in section 3.1.1, the controls for health are the mother’s height, her BMI and
indicators of the availability of prenatal care and of qualified nurses and doctors in her local area.
In the developing country data, BMI is recorded at the survey date rather than pre-pregnancy,
and the survey date marks different durations since the last pregnancy for different women. For
this reason, BMI as measured is a noisy proxy for the underlying longer-term BMI of the woman.
As long as any noise is similar for treated women (women who have, at some point, had twins)
and women who have only ever had singletons (control women), this does not directly bear
upon our hypothesis. However, one may be concerned that carrying twins stresses the mother’s
nutritional status, resulting in lower BMI after pregnancy. Since we demonstrated in Part 1 that
women with lower BMI are less likely to have twins (and, in the 2SLS regressions in table 7,
controlling for BMI raises the trade-off), it follows that any selective depletion of twin mothers
captured in BMI at the survey date will lead us to under-estimate the QQ trade-off. This makes

our estimates conservative.

IV Estimates: United States The first stage estimates for the USA sample (table 8) are
very similar to those for the developing country sample, with a twin birth at parity 2, 3 or 4
leading to an additional 0.7 to 0.8 total births. The second stage estimates also follow a similar
pattern insofar as the baseline specification indicates no significant relationship between twin-
mediated increases in fertility and either the indicator of school progression, or the indicator of
child health. However, upon the introduction of controls for maternal health and education, the
coeflicient describing the QQ trade-off tends to increase. In the case of education, it grows more
negative in each sample and is statistically significant in the 24 sample, with a point estimate of
10.2%. When child quality is indicated by health, the point estimate in the 2+ sample remains
insignificant but in the 34+ and 4+ samples it grows more negative and in the 3+ sample it is

statistically significant at 5.9% of a s.d. Notice that the USA samples range between about 21,000
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and 61,000 individuals while the developing country data samples range between about 260,000
and 400,000, so we have more limited statistical power with the US data. It is well recognised
that IV estimates are much less precise than their OLS counterparts, and in the case of the twin
instrument, only a small proportion (~2%) of the population of births are twins. Nevertheless,
partial bias adjustment shows, in US data, a statistically significant QQ trade-off for education
in the 2+ sample (comprising about 50% of the total sample) and for health in the 34+ sample
(comprising about a third of the total sample).

3.1.3 Heterogeneity: Unadjusted and Adjusted IV Estimates

Theoretical statements of the QQ model tend to assume, for simplicity, that all children in
a family have the same endowments and receive the same parental investment. More recent
work (for example the theoretical work of Aizer and Cunha (2012) and empirical papers by
Rosenzweig and Zhang (2009); Brinch et al. (Forthcoming); Mogstad and Wiswall (2016)) relax
this assumption. Among other things, this allows for reinforcing or compensating behaviours in
parental investment choices (Almond and Mazumder, 2013). This implies allowing the coefficient
(1 to vary across children in the family. More generally, 51 may be context specific, depending

upon the returns to human capital in a given time period or economy.

We find heterogeneity in the trade-off by gender. In developing countries, the trade-off
is larger and only statistically significant for girl children (see appendix tables A15 and A16).
This is consistent with a fairly widespread preference for sons (Filmer et al., 2009) and with
lower returns to primary education for girls (although higher returns to secondary education; see
Patrinos (2008)) in these countries. There is, similarly, evidence that the trade-off is stronger
among females in Brazil (Ponczek and Souza, 2012b). However, in the US sample (tables A17
and A18) we find the opposite pattern. This may not indicate a preference for girls but rather,
be understood in terms of boys being more vulnerable to early life health risks (Gluckman and
Hanson, 2005; Low, 2000) and more prone to grade repetition Warren et al. (2014) than girls, in

which case equal inputs may produce unequal outcomes across the genders.??

Using the multi-country developing country sample, we investigated heterogeneity by country
income level, following the World Bank classification of countries (at the date of survey) into
low income and middle income countries (see Appendix tables A19 and A20). The estimated

trade-off is considerably larger in middle-income countries, at 7% of a standard deviation, only

32Comparability across our samples is limited by the fact that, in the developing country sample,
health is not an outcome. The stylized fact is that, on average, boys complete more years of schooling
in developing countries while, in the US, boys perform less well in terms of grade-retention.
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slightly smaller than the corresponding OLS estimate. In fact, even after (partial) adjustment
for selection on observables, there is no significant trade-off in the low-income sample, and the

point estimates are in the region of 2-3% of a standard deviation.?3

Our results imply that an additional birth in a family is associated with 0.17 fewer years of
completed education (developing countries) or 0.22 fewer grades progressed (USA). In a widely
cited study, Jensen (2010) shows that providing students with information on the returns to
secondary school in their area led, on average, to their completing 0.20-0.35 more years of school
over the next four years. In a similarly high-profile experiment, Baird et al. (2016) find the de-
worming in school led to an increase of 0.26 years of schooling and Bhalotra and Venkataramani
(2013) find that a 1 s.d. decrease in under-5 diarrheal mortality (11 deaths per 1000 live births)
is associated with girls growing up to achieve an additional 0.38 years of schooling, while both
studies find no increase in school years for boys. Almond (2006) finds that foetal exposure to
influenza in 1918 was associated with 0.126 years (1.5 months) less schooling at the cohort-
level and Bhalotra and Venkataramani (2014) show that exposure to antibiotic-led reductions
in pneumonia in infancy resulted in individuals completing 0.7 additional years of education in
adulthood relative to unexposed cohorts. The PROGRESA cash transfer in Mexico is estimated

to have generated a 0.66 increase in years of schooling (Schultz, 2004).

3.2 Bounding the QQ Trade-off

3.2.1 Generalised Bounds

As discussed, the adjusted twin-IV results will not provide consistent estimates of 51 via 2SLS
as there are almost certainly omitted indicators of maternal health. Rather than discard the

twin-IV estimates altogether, we harness their power in predicting fertility using Conley et al.

33In this paper we focus nearly exclusively on the internal validity of twins estimates (IV counsistency).
In recent work, Dehejia et al. (2015) examine the external validity of the Angrist and Evans (1998)
approach of using the sex composition of the first two births as an instrument for continued fertility
and women’s labor force participation. They show that controlling for micro and macro level covariates
reduces extrapolation prediction error, but that macro covariates dominate. Our findings in this section
parallel theirs insofar as they show that there is heterogeneity in impacts of fertility across contexts.
While any conclusive analysis of the difference we find between middle and low income countries is
beyond the scope of this paper, we propose these hypothesis for further consideration in future work.
First, if returns to human capital are low, then the payoff to reducing the quantity of children in order
to afford higher investments in their quality may be low. Second, the low income countries in the sample
are mostly in Africa, where fostering and child labour are prevalent. If children contribute to relaxing
budget constraints, the premise of the QQ trade-off needs to be re-drawn. If children are fostered, the
biological mother will determine the quantity (number) of children but if some children are sent away to
be fostered by other households, investments in both the movers and stayers may be different. Polygamy
may similarly complicate matters to the extent that it creates multiple decision-makers.
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(2012) bounds to assess the empirical significance of the omitted variables.

As outlined in section 1.4, this involves the definition of a prior belief over the sign and
magnitude that the coefficient on twin birth () would take in equation 6. To begin, we examine
bounds on the estimate of $; under a range of values for v. These range from 0 (in which case
the instrument is valid and having a twin vs a singleton mother is not correlated with child
quality) to 0.1, or 10% of a standard deviation, in which case the validity assumption on the
instrument is violated, and having a twin mother has a positive effect on child quality. These
results are displayed in figure 5 (for developing countries) and figure 6 (for the USA) for the
3+ samples; results for the 24+ and 4+ samples are in online appendix figures A12 and A13.
The bounds at each point of the figures correspond to the assumption that v ~ U(0,0) with
0 displayed on the z-axis. Thus, when 6 = 0, v is exactly 0, and the bounds collapse to the
95% confidence interval for the traditional IV estimate. However, as § increases, the exclusion
restriction on the IV moves increasingly away from zero. We observe, firstly, a widening of the
estimated bounds as the size of the exogeneity error increases®*, and secondly that the upper
bound becomes increasingly negative, moving in the direction of finding a QQ trade-off.?> In
both figures the vertical red line displays our preferred estimate for ~, the estimation of which
we discuss further below. For developing countries and for the US (when the outcome is a
measure of child health, but not for education, where the estimates are considerably less precise)
we observe baseline IV results with bounds that are not informative of the sign of the trade-off
when the exclusion restriction is assumed to hold exactly. However, as v grows, the bounds
do quickly become informative, suggesting that with a v as low as 0.002 in the US or 0.008 in
developing countries, a significant QQ trade-off emerges. While using an interval of values for ~
has the advantage of being unrestrictive (0.1 is a very large value), the bounds are quite wide.
As discussed in section 1.4, we next attempt to estimate v with a view to improving the precision

(and empirical relevance) of the IV-bounds.

3.2.2 Estimating the Violation of the Exclusion Restriction

We estimate « and its distribution using the two maternal health shocks described in section
1.4.1 (for the US) and section 1.4.2 (for the developing country sample). Estimates for each of

the components of v are presented in table 9.

31 As Conley et al. (2012) discuss, the degree of failure of the exclusion restriction is analogous to
sampling uncertainty related to the IV parameter 8;. As the exclusion restriction is increasingly relaxed,
the “exogeneity error” related to the instrument inflates the traditional variance-covariance matrix.

35This is in line with the twin-IV estimates becoming more negative upon including controls that
mitigate the omitted variable bias which leads to violation of the exclusion restriction.
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The United States. In panel A, we use quasi-experimental variation in the exposure of women
to antibiotics in their birth year in early twentieth century America to estimate impacts of
mother’s health on children’s education, cast as a Z-score, with the standardization using the
birth cohort distribution. Following equation 9 (and Bhalotra and Venkataramani (2014)), we
estimate that the reduced form effect of the mother’s exposure is an increase in the child’s
completed education of 4.97% of a standard deviation, or approximately 0.15 years of education.?5
This estimate is the quantity ¢ in equations 9 and 10. In the second column, we show estimates
that imply that, conditional upon health and fertility controls, mothers who produce twin births
are, on average, in states with 12.5% lower rates of pneumonia. This augments the evidence
presented in Part 1 of this paper, adding a further case of twin births being a function of
health conditions. Following equation 10, in column 3 we interact c;q and éﬁ\t to form a consistent
estimate for y of 0.0062 (or 0.62% of a standard deviation). Bootstrapping this distribution results
in an estimated variance of 0.0027. The empirical distribution estimated from 100 bootstrap
replications is displayed in figure 7a, overlaid with an analytical normal distribution with the
same mean and variance. When comparing our estimate of v to IV estimates discussed in
section 3.1, we see that the direct effect of having a (healthier) twin mother on child quality is
considerably smaller than the (point) estimates of the effect of fertility on child outcomes. While
it is reassuring that the violation of the exclusion restriction is estimated as small, in that it
implies that the instrument is “close to” being exogenous (in Conley et al. (2012)’s terminology),
the evidence we provide shows that it is nevertheless sufficient to generate substantively different

conclusions regarding the QQ trade-off.

Nigeria. We repeat the procedure for estimating the violation of the exclusion restriction using
quasi-experimental variation in the mother’s foetal exposure to the Biafra war that was fought
in Nigeria in 1967-1970. Results are in panel B of table 9. The first column presents an estimate
of ¢4 from equation 11. Children of mothers exposed to the war in utero have 1.54% of a
standard deviation less education, equivalent to 0.052 years (compared to children of mothers
unexposed to the war in utero).?” As discussed earlier, the second-generation impact must be
scaled by the difference in rates of exposure of women who (at some point) give birth to twins
and those that only ever have singleton births. The second column shows that, on average, twin
mothers come from states and cohorts that are 26.7% less likely to have suffered war. Together
these estimates imply a small positive estimate of v of 0.004 (or 0.4% of a standard deviation
in education outcomes), not dissimilar to the value estimated using a shock in early twentieth

century America. The bootstrapped distribution of v based on 100 replications is displayed in

36The results from Bhalotra and Venkataramani (2014) suggest that exposure to sulfa drugs increased
schooling of the first generation (the mothers) by 0.7 years. Our estimates suggest that the trickle down
to the next generation was smaller (by more than a factor of four), but still significant.

3"This is not directly relevant here but, again, notice that the second-generation effect is smaller than
the impact on the first generation, which is 0.6 years of education (Akresh et al., 2016).
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figure 7b (bootstrap variance 0.0022).

3.2.3 Bounds on the QQ Trade-off When v is Known

With causally estimated values for  in hand for both the developing country and US context,
we are able to pin down the bounds described in figures 5-6. See table 10. In the left-hand
columns we present the UCI approach in which we assume that v € [0,24]. This assumption is
chosen such that the true 4 in each case will lie precisely in the middle of the confidence interval,
following Conley et al. (2012)’s empirical example. For the LTZ approach, we use the additional
information available from the estimates we presented in the previous sub-section, and assume

that « is distributed precisely according to the estimated empirical distribution.?®

In all cases, our preferred bounds estimates are those in the right-hand columns of table 10,
as these are more efficient based on the estimated bootstrap distribution. For the developing
country sample, estimates of the QQ trade-off in determining educational attainment, in the 3+
and 4+ samples, are bounded between slightly less than zero and 6% of a standard deviation
and the mid-point of these bounds falls at 2.6% and 3.7% of a standard deviation respectively.
An additional sibling thus does appear to depress a child’s educational attainment, and this is

of the order of magnitude of 3-5% of a standard deviation

In panel B, we provide bounds on the IV-estimates for the US sample. While the mid-point
of the bounds is virtually always negative (health in the 24+ group is the only exception), the
bounds are most informative for the 2+ (education) and 3+ (health) samples. The bounds are
much tighter for child health measures, suggesting that an additional birth reduces the likelihood

that a previous sibling is reported as being in excellent health by between 0.2 to 7%.%°

Using Appendix Table A2, we can convert these standardised estimates into years of edu-
cation. The effect on education of first and second-borns from having a fertility shock at the
third birth, or on first to third-borns from a fertility shock at the fourth birth is estimated to
be approximately 4% of a standard deviation in the developing country sample. Using the stan-
dard deviation in the sample of 3.8 years, this implies an average effect of around 0.15 years of
education per additional sibling at the age of 13 years (the average age in the sample). In the

case of the US estimates, for the same 2+ and 3+ groups the average estimated effect of 8% of a

38Results are robust to assuming the less-correct but more computationally simple: v ~ N (s, 05)
and are available upon request.

39The US sample is much smaller than the developing country sample, so the estimates are less precise,
making it more difficult to construct tight or informative bounds.
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standard deviation equates to a marginal effect of 0.22 years of education by the age of 11 years.
On average the likelihood of being reported as being in excellent health falls by 1.6% following an
additional birth among the same group. As discussed in the Introduction, these are quite large
effects relative to the educational gains documented as arising from a range of different policy

interventions.

Conclusion and Discussion

Twin births are not random. Based on a considerable body of evidence compiled from vital
statistics and survey data from low- and high-income countries in different time periods, we
demonstrate that mothers with greater health stocks, mothers who engage in positive health-
related behaviours, and mothers living in less stressful environments or in regions with better
prenatal and public health services are all significantly more likely to have twins. We show that
mothers who have twin births are healthier prior to the occurrence of the twin birth. We argue
that the mechanism is selective foetal death and we substantiate this, showing that maternal
health/healthy behaviours act to raise the likelihood of taking twins to term, conditional upon

conception of twins.

As discussed earlier, twin birth is a marker of foetal health and our findings, which are
unusually rich in the number of indicators and countries for which they obtain, may be seen
as highlighting the relevance of maternal health for foetal health (proxied by foetal survival).
Recent research demonstrating long run socio-economic returns to investing in foetal and infant
health, improving the pre-school environment and raising parenting quality has stimulated policy
interventions across the world that are motivated to enhance the potential for nurture to lift up the
trajectories of children, especially when born into disadvantaged circumstances (Heckman et al.,
2010; Almond and Currie, 2011; Carneiro et al., 2015). Our results point to the significance of,

for instance, nutrition, stress and prenatal care for mothers in achieving these goals.

These results have important implications for empirical work which aims to identify the
causal effect of child quantity (more siblings) on child quality (higher human capital). While OLS
estimates are biased on account of negative selection of women into fertility, twin-IV estimates are
biased in the opposite direction by positive selection into twin birth. This is important because
existing evidence from the QQ literature is mixed. In particular, recent prominent studies find
that the trade-off is frequently not statistically different from zero. We show that even partially
correcting for twin endogeneity is sufficient to push estimates of the trade-off up by about 3%-

5% of a standard deviation, potentially explaining the lack of significant results in the existing
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literature. Using partial identification to bound the effect of child quantity on child quality
suggests that the true effect size, once accounting for the entire health differential in favour of
twin families, may be as high as 8% of a standard deviation, though it is typically centered

around 3-5% of a standard deviation.

We conclude that additional unexpected births do have quantitatively important effects on
their siblings’ educational outcomes. A 5% of a standard deviation increase is equivalent to
an additional 0.17 years in the classroom. As detailed in the Introduction, the implications of
these findings are far-reaching, not only in terms of vindication of Beckerian theory but because
they guide fertility control policies.’® We constructed a large microdata set from 68 developing
countries with observations on more than 2.5 million children and nearly 1 million mothers. The
macro level trends in this data suggest that educational attainment has risen considerably while
completed and desired fertility has fallen sharply over the past 50 years (see figures A6a and
A6Db; also see eg Hanushek (1992)). It is of considerable relevance to researchers and to policy

makers to determine whether these trends contain a causal component.

Also, by the same arguments as traced in this paper, the impact of fertility on women’s
labour supply is probably larger than the estimates in twin-IV studies suggest. This is topical
when educational attainments of women in rich and poorer countries alike are over-taking those
of men and transforming the work-family balance, with consequences for women’s autonomy,
marital stability and child outcomes (Rendall, 2010; Newman and Olivetti, 2016; Lundberg et al.,
2016).

40A recent survey of national governments suggests that fertility was perceived as too high in 50% of
developing countries, with this figure rising to 86% among the least developed countries United Nations
(2010).
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Figures

Figure 1: Height Differential By Twin and non-Twin Mothers by Country
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Note to figure 1: Point estimates of the average difference in height between mothers of twin and
singleton births are presented along with the 95% confidence intervals for each country for which the
required microdata are available. Sources of data are described in section 2. When based on survey data,
each point is weighted to be nationally representative, and if based on vital statistics data, the universe
of births is included. The difference-in-mean estimates are conditioned upon total fertility, mother’s age
and child year of birth.
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Figure 2: Height Differential By Twin and non-Twin Mothers by Country and GDP
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Note to figure 2: The correlation of the average height differential between twin and singleton mothers
in a country with the country’s log GDP percapita is plotted. Estimates for the height differential are
calculated using the same controls and methodology as in figure 1. Each circle represents a country and
the size of the circle indicates the proportion of births in the country that are twins. Circles above the
horizontal dotted line imply that mothers of twins are taller on average. The global correlation between
the height difference and GDP conditional on continent fixed effects is 0.259 (¢-statistic 1.95).
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Figure 3: Height and Selective Survival
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Note to figure 3: Data consists of all women in the DHS from countries where the maternal mortality
module was applied in surveys. Heights are based on measures for all mothers at the time of the survey,
and rates of maternal mortality are calculated based on the survival status of each sister of surveyed
women.

Figure 4: Twins shift the fertility distribution outward
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Note to figure 4: Densities of family size come from the full estimation samples from DHS and NHIS
data. Kernel densities are plotted (bandwidth equals two in all cases), and present the frequency of the
total number of children per family by family type.
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Figure 5: Plausibly Exogenous Bounds: School Z-Score (Developing Countries 3+)
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Note to figure 5: Confidence intervals and point estimates are calculated according to Conley et al. (2012)
using DHS data and specifications described in section 3.2. Estimates reflect a range of priors regarding
the validity of the exclusion restriction required to consistently estimate B fert using twinning in a 2SLS
framework. The local to zero (LTZ) approach applied here assumes that -, the sign on the instrument
when included in the structural equation, is distributed v ~ U(0,0). The vertical dashed line indicates
2x4, the point at which the estimate for ~ lies precisely halfway between [0,0]. Further discussion is
provided in section 1.4 and table 10.

Figure 6: Plausibly Exogenous Bounds: (USA 3+)
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NOTES TO FIGURE 6: See notes to figure 5. An identical approach is employed, however now using USA
(NHIS) data.
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Figure 7: Bootstrap Estimates of 4
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NOTES TO FIGURE 7: The empirical distribution is generated by performing J=100 bootstrap replications
to estimate ¢ and ¢? for each of Nigeria and USA (see complete discussion in section 1.4). The overlaid
analytical distribution in each figure is a normal distribution ~ A'(u5,05). The estimates for ¢' and ¢?
and ~ are displayed in Table 9.
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Tables

Table 1: Effects of maternal health on twin births

Health Behaviours / Access

Health Stocks and Conditions

Variable Estimate [95% CI] Variable Estimate [95% CI]

Panel A: United States [N =13,962,330, % Twin = 2.84]

Smoked Before Pregnancy -0.105***  [-0.132,-0.078] Height 0.626*** [0.599,0.653]

Smoked Trimester 1 -0.205***  [-0.232,-0.178]  Underweight -0.151*** [-0.176,-0.126]

Smoked Trimester 2 -0.247***  1-0.272,-0.222]  Obese 0.035** [0.008,0.062]

Smoked Trimester 3 -0.250***  [-0.275,-0.225]  Diabetes -0.288*** [-0.317,-0.259]

Education 0.805*** [0.772,0.838]  Hypertension -0.217%** [-0.250,-0.184]

Panel B: Sweden [N =1,240,621, % Twin = 2.55]

Smoked (12 weeks) -0.266"**  [-0.301,-0.231] Height 0.617%** [0.592,0.642]

Smoked (30-32 weeks) -0.285***  [-0.312,-0.258]  Underweight -0.140*** [-0.173,-0.107]
Obese 0.113*  [-0.137,-0.089)]
Asthma -0.015* [-0.033,0.003]
Diabetes -0.253*** [-0.278,-0.228]
Kidney Disease -0.079*** [-0.101,-0.057]
Hypertension -0.099*** [-0.121,-0.077]

Panel C: United Kingdom (Avon) [N =10,463, % Twin = 2.37]

Healthy Foods 0.538*** [0.256,0.820]  Height 0.399*** [0.115,0.683]

Fresh Fruit 0.019 [-0.281,0.319]  Underweight -0.161 [-0.439,0.117]

Alcohol (Infrequently) -0.099 [-0.373,0.175]  Obese -0.046 [-0.322,0.230]

Alcohol (Frequently) -0.358**  [-0.630,-0.086] Diabetes -0.056 [-0.328,0.216]

Passive Smoke 0.047 [-0.243,0.337] Hypertension -0.480*** [-0.752,-0.208]

Smoked during Pregnancy -0.162 [-0.448,0.124]

Education 0.416* [-0.002,0.834]

Panel D: Chile [N =26,527, % Twin = 2.55]

Smoked during Pregnancy -0.327***  [-0.572,-0.082] Underweight -0.183* [-0.399,0.033]

Drugs (Infrequently) 0.002 [-0.253,0.257]  Obese -0.258*** [-0.446,-0.070]

Drugs (Frequently) -0.161***  [-0.196,-0.126]

Alcohol (Infrequently) -0.072 [-0.362,0.218]

Alcohol (Frequently) -0.172***  ]-0.213,-0.131]

Education 0.529*** [0.168,0.858]

Panel E: Developing Countries (DHS) [N =2,052,338, % Twin = 2.10]

Doctor Availability 0.092*** [0.059,0.125]  Height 0.282*** [0.251,0.313]

Nurse Availability 0.065*** [0.034,0.096]  Underweight -0.092%** [-0.117,-0.067]

Prenatal Care Availability —0.109*** [0.082,0.136]  Obese 0.062*** [0.031,0.093]

Education 0.153*** [0.122,0.184]

Each coefficient represents a separate regression of child’s birth type (twin or singleton) on the mother’s health

behaviours and conditions. In each sample, all mothers aged 18-49 are included. Twins (depdendent variable) is

mutliplied by 100 and the independent variables are standardised as Z-scores so coefficients are interpreted as the

percentage point change in twin births associated with a 1 standard deviation increase in the variable of interest.
All models include fixed effects for age and birth order, and where possible, for wealth (panels A and D) and for
gestation of the birth in weeks (panels A and B). Standard errors are clustered by mother, and asterisks indicate

statistical significance: *p<0.1 **p<0.05 ***p<0.01. Conditional results and unstandardised results are included

as online appendix tables A4 and Ab5.
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Table 2: Twinning and Stress in Utero

Dependent Variable: (1) (2) (3)
Twinsx 100
ETA Bomb casualities 1%¢ trimester of pregnancy 0.002 -0.002 -0.002

(0.006) (0.006) (0.004)
ETA Bomb casualities 2"? trimester of pregnancy -0.010***  -0.010***  -0.010***
(0.004) (0.004) (0.004)
ETA Bomb casualities 3'4 trimester of pregnancy -0.012* -0.013* -0.013**
(0.007) (0.008) (0.006)

Observations 6,793,890 6,759,120 6,759,120
Yearxmonth and province FE Y Y Y
Socio-demographic controls Y Y
Provice-specific linear year-month trends Y

NoOTEs: Data consists of the Quintana-Domeque and Rédenas-Serrano (2014) sample of live
births conceived between January 1980 and February 2003. Treatment is defined as number
of ETA bomb casualties in the province of conception. Full details are provide in Quintana-
Domeque and Rédenas-Serrano (2014). Standard errors are clustered at the level of the province
(50 provinces). *p<0.1; **p<0.05; ***p<0.01.

Table 3: Test of hypothesis that women who bear twins have better prior health

Dependent Variable: (1) (2) (3)

Infant Mortality x 100 Base +H +S&H Mean

Treated (2+) Q.07LFRE 1773 ] 770 9.758
(0.223)  (0.235)  (0.236)

Treated (3+) S4.544%FK 4 3Q1HHE 4 3R2HHH 10.157
(0.211)  (0.225)  (0.226)

Treated (4+) -4.202%*%  _4.030%**  -4.054%** 10.827

(0.186)  (0.192)  (0.192)

NoTES: The sample for these regressions consist of all children who have been entirely exposed
to the risk of infant mortality (ie those over 1 year of age). Subsamples 2+, 3+, and 4+ are
generated to allow comparison of children born at similar birth orders. For a full description of
these groups see the the body of the paper (section 2.2). Treated=1 refers to children who are
born before a twin while Treated=0 refers to children of similar birth orders not born before a
twin. Base, +H and +S&H controls are described in table 6. *p<0.1; **p<0.05; ***p<0.01
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Table 4: Fetal Deaths, Twinning, and Health Behaviours

Dependent Variable: (1) (2) (3) (4) (5) (6) (7)
Fetal Deathx 1,000 Smokes Drinks No College Anemic N Cigs N Drinks  Years Educ
Twin 9.907***  10.368*** 8.991*** 11.337#%FF  9.939%F*  10.354***  19.630%**
[0.123] 0.119] [0.145] [0.117] [0.121] [0.119] [0.552]
Health (Dis)amenity = 1.394%*** 4.924%** 1.683*** 0.608%** 0.108%** 0.6027%** -0.242%**
[0.066] [0.260] [0.038] [0.131] [0.005] [0.038] [0.007]
Twin x Health 1.154%*% 3.559%* 3.5k 1.303** 0.061* 0.756%** -0.674%**
[0.416] [1.754] [0.218] [0.641] [0.032] [0.206] [0.040]
Constant 5.195%** 5.476%** 4.268*** 5.949%%* 5.214%%* 5.482%%* 8.27THH*
[0.022] [0.021] [0.028] [0.020] [0.021] [0.021] [0.088]
Observations 13,660,400 13,809,830 15,909,836 16,158,564 13,679,142 13,828,573 15,909,836

Each column represents a regression of whether a birth ends in a fetal death (multiplied by 1,000) on twins, a health

behaviour or health stock, and the interaction between twins and the health variable. The health variable in each column
is indicated in the column title. Regressions including controls for mother’s age, child birth year and total fertility fixed
effects are presented in appendix table A11. Heteroscedasticity robust standard errors are displayed in parentheses. *p<0.1;

**p<0.05; ***p<0.01




Table 5: Can Selective Maternal Survival Explain Twinning Rates?

Dependent Variable: MMR <140cm or <145cm or <150cm or <155cm or

Twinsx 100 Sample ~ BMI <16 BMI <16.5 BMI <17 BMI <17.5

Height 0.0657F%%  0.0635%**  0.0590%%*  0.0514%*%*  (.0417***
(0.00414)  (0.00414) (0.00418) (0.00420) (0.00425)

BMI 0.0460%%*  0.0437%%  0.0427F%%  0.0409%*%*  (.0405%***

(0.00637)  (0.00636) (0.00637) (0.00643) (0.00650)

Observations 844,638 848,642 848,686 848,557 848,667
R? 0.024 0.024 0.024 0.023 0.022

Each column represents a separate regression of maternal characteristics on twinning. For a full
list of variables included see table 6. Column 1 includes the full sample of women surveyed in
countries where the DHS maternal mortality module is applied. Columns 2-5 inflate samples in
line with maternal mortality rates, where ‘unhealthy’, is defined as described in the column title.
Full details are available in the body of the text. Heteroscedasticity robust standard errors are
reported in parentheses. *** p<0.01, ** p<0.05, * p<0.1
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Table 6: OLS Estimates: Developing Country and US

Dependent Variable: 2+ 3+ 4+

Child Quality Base +H +S&H Base +H +S&H Base +H +S&H

Panel A: Developing Country Results

Dependent Variable = School Z-Score

Fertility -0.152%**  0.130***  -0.085***  -0.142%**  -0.120***  -0.077***  -0.123***  -0.103***  -0.066***
(0.002) (0.002) (0.002) (0.002) (0.001) (0.001) (0.001) (0.001) (0.001)

Observations 259966 259966 259966 395721 395721 395721 409615 409615 409615

R-squared 0.11 0.13 0.19 0.09 0.12 0.19 0.08 0.11 0.19

Altonji et al. Ratio 1.269 1.185 1.158

Oster Bounds [-0.085,-0.036] [-0.077,-0.026] [-0.066,-0.020]

Panel B: US Results

Dependent Variable = School Z-Score

Fertility -0.044%**  -0.032%**  -0.025%**  -0.040***  -0.032***  -0.024***  -0.023* -0.017 -0.010
(0.006) (0.006) (0.006) (0.007) (0.007) (0.007) (0.013) (0.013) (0.013)

Observations 61267 61267 61267 47308 47308 47308 21352 21352 21352

Altonji et al. Ratio 1.316 2.019 0.764

Oster Bounds [-0.025,-0.005] [-0.024,0.000] [-0.010,0.019]

Dependent Variable = Excellent Health

Fertility -0.011%%*  -0.005%* -0.003 -0.016***  -0.009***  -0.007*** -0.028*** -0.018***  -0.017***
(0.002) (0.002) (0.002) (0.003) (0.002) (0.002) (0.004) (0.003) (0.003)

Observations 70277 70277 70277 53393 53393 53393 24358 24358 24358

Altonji et al. Ratio 0.447 0.798 1.569

Oster Bounds [-0.003,-0.000] [-0.007,-0.004] [-0.017,-0.014]

OLS regressions described in equation 4 are presented using developing country (DHS) and US (NHIS) data. The 2+, 3+ and 4+ samples are

defined in the estimation sample section of the paper (section 2.2). Base controls consist of fixed effects for child’s age and year of birth, child

gender, mother’s age at birth, and a cubic for mother’s age at time of survey. For the USA sample, mother’s race fixed effects are included.

For DHS data, country fixed effects are also included. Additional socioeconomic controls consist of mother’s education and (for DHS data)

wealth quintile fixed effects, and health controls include a continuous measure of mother’s BMI, and for DHS, mother’s height and coverage

of prenatal care at the level of the survey cluster. For USA data, we include controls for mother’s self assessed health on a Likert scale. Refer
to section 3.1.1 for discussion of the Altonji et al. (2005) ratio and Oster (2013) bounds. Standard errors are clustered by mother.”p<0.1;

**p<0.05; ***p<0.01




Table 7: Developing Country IV Estimates

24 3+ 4+

Base +H +S&H Base +H +S&H Base +H +S&H

Panel A: First Stage

Dependent Variable = Fertility

Twins 0.789%FHF*  (0.830***  0.841%FF*  (.799%**  (.824***  (.834FFF  (.842***  (.859*%*F*  (.865%**
(0.030) (0.029) (0.028) (0.026) (0.026) (0.025) (0.027) (0.026) (0.026)

Observations 259966 259966 259966 395721 395721 395721 409615 409615 409615
Kleibergen-Paap rk statistic =~ 686.11 825.95 873.68 914.63 1018.39  1071.47  1004.99  1084.13  1071.55
p-value of rk statistic 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

24

Panel B: IV Results

Dependent Variable = School Z-Score

Fertility -0.005 -0.017 -0.014 -0.028 -0.040*  -0.046** -0.027 -0.037*%  -0.037**
(0.028) (0.027) (0.026) (0.022) (0.021) (0.020) (0.023) (0.021) (0.019)

Observations 259966 259966 259966 395721 395721 395721 409615 409615 409615
R-Squared 0.04 0.08 0.15 0.04 0.08 0.16 0.03 0.07 0.15

Panels A and B present coefficients and standard errors for the first and second stages in equations 5a and 5b. The 2+ subsample refers to
all first born children in families with at least two births. 3+ refers to first- and second-borns in families with at least three births, and 4+
refers to first- to third-borns in families with at least four births. Panel A presents the first-stage coefficients of twinning on fertility for each
group. Base controls consist of child age, mother’s age, and mother’s age at birth fixed effects plus country and year-of-birth FEs. Additional
socioeconomic controls consist of mother’s education and wealth quintile fixed effects, and health controls include a continuous measure of
mother’s height and BMI and coverage of prenatal care at the level of the survey cluster. In each case the sample is made up of all children
aged between 6-18 years from families in the DHS who fulfill 2+ to 44 requirements. In panel B each cell presents the coefficient of a 2SLS
regression where fertility is instrumented by twinning at birth order two, three or four (for 2+, 3+ and 4+ groups respectively). Standard
errors are clustered by mother.”p<0.1; **p<0.05; ***p<0.01
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Table 8: US IV Estimates

2+ 3+ 44
Base +H +S&H Base +H +S&H Base +H +S&H
Panel A: First Stage
Dependent Variable = Fertility (School Z-Score Second Stage)
Twins 0.650***  (0.699*%**  0.703***  (0.735%**  (0.740%**  0.740%**  0.804***  (0.805%**  (0.837***
(0.026) (0.026) (0.026) (0.048) (0.047) (0.047) (0.082) (0.081) (0.080)
Dependent Variable = Fertility (Excellent Health Second Stage)
Twins 0.689***  (.738%F*  (.743%F*  (0.751%*¥*  (0.754%**  (0.756%*F*  0.801*** (0.806***  (.837***
(0.025)  (0.025)  (0.025)  (0.045)  (0.044)  (0.044)  (0.077)  (0.076)  (0.076)
Kleibergen-Paap rk statistic 632.46 708.35 735.59 234.43 244.11 245.40 97.04 98.25 104.98
p-value of rk statistic 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Panel B: IV Results
Dependent Variable = School Z-Score
Fertility -0.085 -0.097 -0.102* -0.005 -0.013 -0.013 -0.135 -0.144 -0.158
(0.066) (0.061) (0.060) (0.068) (0.067) (0.067) (0.153) (0.157) (0.152)
Dependent Variable = Excellent Health
Fertility 0.027 0.030 0.027 -0.035 -0.058%* -0.059* 0.029 -0.024 -0.034
(0.027) (0.021) (0.021) (0.039) (0.032) (0.032) (0.059) (0.052) (0.050)
Observations (Education) 61267 61267 61267 47308 47308 47308 21352 21352 21352
Observations (Health) 70277 70277 70277 53393 53393 53393 24358 24358 24358

NoOTES: Regressions in each panel and the definition of the 24, 3+ and 4+ groups are identical to table 7 and are described in notes to table
7. This table presents the same regressions however now using NHIS survey data (2004-2014). Base controls include child age FE (in months),
mother’s age, and mother’s age at first birth plus race dummies for child and mother. In each case the sample is made up of all children aged
between 6-18 years from families in the NHIS who fulfill 2+ to 44 requirements for schooling variables, and for children aged between 1-18
years for health variables. The Kleibergen-Paap rk statistic for the first stage regressions is displayed for the regression using the education

sample only. Qualitatively similar results are observed for the health sample. Descriptive statistics for each variable can be found in table

A2. Standard errors are clustered by mother. *p<0.1; **p<0.05; ***p<0.01




Table 9: Estimates of v Using Maternal Health Shocks

dicalin  orwin )= ofws 7 (bootstrap)
Panel A: United States
Estimate 0.0497***  0.125%%* 0.0062 0.0062
(0.0181) (0.0181) (0.0027)
Observations 943,038 943,038
R-squared 0.011 0.069
Panel B: Nigeria
Estimate -0.0154**  -0.267** 0.0040 0.0040
(0.00637)  (0.00637) (0.0022)
Observations 26,205 26,205
R-squared 0.022 0.991

NoOTES: Regression results for panel A use the 5% sample of 1980 US census data and
follow the specifications in Bhalotra and Venkataramani (2014). Regression results from

panel B are based on all Nigerian DHS data in which children can be linked to their

mothers. Specifications and samples are identical to those described in Akresh et al.

(2012). The estimate of v is formed by taking the product of the column 1 and column

2 estimates. A full description of this process, along with the non-pivotal bootstrap

process to estimate the standard error of «y is provided in section 1.4, and online appendix

D.
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Table 10: ‘Plausibly Exogenous’ Bounds

UCI: v € [0, 24] LTZ: Empirical Distribution ~

Lower Bound Upper Bound Lower Bound Upper Bound
Panel A: DHS
Two Plus -0.0651 0.0109 -0.0504 0.0165
Three Plus -0.0637 -0.0049 -0.0506 -0.0005
Four Plus -0.0735 -0.0210 -0.0597 -0.0143
Panel B: USA (Education)
Two Plus -0.2194 -0.0028 -0.1656 -0.0035
Three Plus -0.1256 0.0835 -0.1304 0.0622
Four Plus -0.4359 0.1054 -0.2403 0.0196
Panel B: USA (Health)
Two Plus -0.0244 0.0618 -0.0235 0.0374
Three Plus -0.1160 -0.0185 -0.0753 -0.0028
Four Plus -0.1069 0.0237 -0.0930 0.0039

NoTES: This table presents upper and lower bounds of a 95% confidence interval

for the effects of family size on (standardised) children’s education attainment.
These are estimated by the methodology described in Conley et al. (2012) and
section 1.4 under various priors about the direct effect that being from a twin
family has on educational outcomes (y). In the UCI (union of confidence interval)

approach, it is assumed the true v € [0,29], while in the LTZ (local to zero)

approach it is assumed that - follows the empirical distribution estimated in each

case. The consistent estimation of 4 and its entire distribution is discussed in

section 1.4, and estimates for v are provided in table 9.
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A Appendix Figures

Figure Al: Coverage of data containing indicators of twin births and maternal health by country and data

type

Twin Coverage
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[ Surveys (Demographic)
[ Surveys (Early Life)

[ Birth Records (No Health Information)
Il Survey Data (No Health Information)
[_INo Surveys 4

Different colours represent different types of data (surveys, national vital statistics, or no data collected). Each data type is
described in the figure legend.

Figure A2: Proportion of T'wins of All Births
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Note to figure A2: Female life expectancy data comes from the World Bank Data Bank. The proportion of twins in panel (a) is
calculated from NVSS Birth Certificate data. The proportion of twins in panel (b) is calculated from DHS data using all countries
in sub-Saharan Africa (and smoothed using a 2,1,2 moving average). The vertical dotted line in panel (a) represents the first
reported use of IVF in the USA. In each case mothers up to the age of 35 are included, to avoid concerns regarding high IVF use
at older ages. Results are quantitatively similar if using all mothers. Panel (a) is based on 132,783,003 live births, and panel (b)
is based on 1,208,373 live births.
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Figure A3: Completed Education Differential By Twin and non-Twin Mothers by Country
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Note to figure A3: Refer to figure 1.

Figure A4: Completed Education Differential By Twin and non-Twin Mothers by Country and GDP
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Note to figure A4: Refer to figure 2
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Figure A5: Education and Fertility Trends (USA)
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Note to figure A5: Trends in fertility and education are compiled from the World Bank databank and the American Community
Surveys (ACS), respectively. Trends in fertility are directly reported by the World Bank as completed fertility per woman were
she exposed to prevailing rates in a given year for her whole fertile life. Education is calculated using all women aged over 25 years
in the ongoing ACS (2001-2013) collected by the United States Census Bureau. The figure presents average completed education
for all women aged 25 in the year in question.

Figure A6: Education and Fertility (Developing Countries)
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Note to figure A6: Cohorts are made up of all individuals from the DHS who are aged over 35 years (for fertility), and over 15
years (for education). In each case the sample is restricted to those who have approximately completed fertility and education
respectively. Full summary statistics for these variables are provided in table A2, and a full list of country and survey years are
available in table A21.
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Figure A7: Birth Size of Twins versus Singeltons (Developing Countries)
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Note to figure A7 Estimation sample consists of all surveyed births from DHS countries occurring within 5 years prior to the date
of the survey. For each of these births, all mothers retrospectively report the (subjective) size of the baby at the time of birth.

Figure A8: Birth Weight of Twins versus Singeltons (USA)
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Note to figure A8 Estimation sample consists of all non-ART births from NVSS data between 2009 and 2013. Birthweights below
500 grams and above 6,500 grams are trimmed from the sample.

A5



Figure A9: Test of Parallel Trends of Second Generation Sulfa Effects for v
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Note to figure A9: Graph replicates specification (9) from the paper, however now interacting base Pneumonia with each mother’s
birth year, rather than a single Post dummy starting from 1937. Each coefficient and confidence interval displays the differential
effect of a child’s mother being born in a high- or low-pneumonia state by birth year surrounding the sulfa reform. The year
preceding the arrival of sulfa reform is omitted (1936) and post sulfa estimates and confidence intervals represent the differential
impact of sulfa drugs on second generation (educational) outcomes of children of affected women. Standard errors are clustered

Figure A10: Proportion of Twins by Birth Order (United States)
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Note to figure A10 The fraction of twin births are calculated from the full sample of non-ART users in NVSS data from 2009-2013.
The solid line represents the average fraction of twins in the full sample (2.89%), while the dotted line presents twin frequency by
birth order. The dotted line joins points at each birth order. Birth orders greater than 6 are removed from the sample given that

these account for less than 0.5% of all recorded births.

A6



Figure A11: Proportion of Twins by Birth Order (Developing Countries)
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Note to figure A1l The fraction of twin births are calculated from the full sample of DHS data. The solid line represents the
average fraction of twins in the full sample (1.85%), while the dotted line presents twin frequency by birth order. The dotted line
joins points at each birth order € {1,...,10}. The fraction of singleton births is 1—frac(twin).

Figure A12: Plausibly Exogenous Bounds: School Z-Score (Developing Countries 2+ and 4+)
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Note to figure A12: Refer to notes to figure 5 of the main text.
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Figure A13: Plausibly Exogenous Bounds: (USA 2+ and 4+)
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Refer to notes to figure 5 of the main text.
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B Appendix Tables

Table Al: Summary Statistics (Twin Regressions)

N Mean Std.Dev.  Min Max
Panel A: United States
Mother’s height (cm) 1,363,558 163.00 7.26 91.44 198.12
Mother’s education (years) 1,363,558  4.19 1.79 1.00 9.00
Mother Smoked Before Pregnancy 1,363,558  0.12 0.32 0.00 1.00
Mother Smoked in 1st Trimester 1,363,558  0.09 0.28 0.00 1.00
Mother Smoked in 2nd Trimester 1,363,558  0.08 0.26 0.00 1.00
Mother Smoked in 3rd Trimester 1,363,558  0.07 0.26 0.00 1.00
Mother had pre-pregnancy diabetes 1,363,558  0.01 0.09 0.00 1.00
Mother had pre-pregnancy hypertension 1,363,558  0.01 0.12 0.00 1.00
Mother is underweight (pre-pregnancy) 1,363,558  0.06 0.23 0.00 1.00
Mother is obese (pre-pregnancy) 1,363,558  0.20 0.40 0.00 1.00
Percent Twin Births 1,363,558  2.84 16.62 0.00 100.00
Mother’s Age in years 1,363,558  28.09 5.78 18.00 49.00
Panel B: Sweden
Pre-pregnancy asthma 1,240,621  0.07 0.25 0 1
Pre-pregnancy diabetes 1,240,621  0.01 0.07 0 1
Pre-pregnancy kidney disease 1,240,621  0.01 0.07 0 1
Pre-pregnancy hypertension 1,240,621  0.01 0.06 0 1
Smoked at 12 weeks gestation 1,240,621  0.09 0.29 0 1
Smoked at 30-32 weeks gestation 1,240,621  0.07 0.27 0 1
Height 1,240,621 166.38 6.35 100 200
Underweight (BMI < 18.5) Prior to Pregnancy 1,240,621  0.02 0.15 0 1
Obese (BMI > 30) Prior to Pregnancy 1,240,621  0.11 0.31 0 1
Percent Twin Births 1,240,621  2.55 15.77 0 100
Mother’s Age in Years 1,240,621  29.96 5.11 18 49
Panel C: United Kingdom (Avon)
Underweight (BMI < 18.5) Prior to Pregnancy 10,463 0.04 0.21 0.00 1.00
Obese (BMI > 30) Prior to Pregnancy 10,463 0.05 0.22 0.00 1.00
Mother’s height (cm) 10,463  164.10 6.68 129.54 200.66
Pre-pregnancy diabetes 10,463 0.00 0.06 0.00 1.00
Pre-pregnancy hypertension 10,463 0.04 0.20 0.00 1.00
Pre-pregnancy infections (total) 10,463 3.26 1.24 0.00 7.00
Frequent Healthy Food in Pregnancy 10,463 0.21 0.40 0.00 1.00
Frequent Fresh Fruit in Pregnancy 10,463 0.30 0.46 0.00 1.00
Infrequent Alcohol Consumption in Pregnancy 10,463 0.19 0.39 0.00 1.00
Frequent Alcohol Consumption in Pregnancy 10,463 0.06 0.24 0.00 1.00
Exposed to Passive Smoke in Pregnancy 10,463 0.43 0.50 0.00 1.00
Smoked during Pregnancy 10,463 0.17 0.38 0.00 1.00
Mother’s education (years) 10,463 12.29 1.83 10.00 16.00
Percent Twin Births 10,463 2.37 15.21 0.00 100.00
Mother’s Age in years 10,463 28.67 4.61 18.00 45.00
Panel D: Chile
Mother Smoked During Pregnancy 14,050 0.10 0.30 0.00 1.00
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Drugs During Pregnancy (Sporadically)
Drugs During Pregnancy (Regularly)
Alcohol During Pregnancy (Sporadically)
Alcohol During Pregnancy (Regularly)
Mother Obese Prior to Pregnancy
Mother Low Weight Prior to Pregnancy
Mother’s Education in Years

Percent Twin Births

Mother’s Age in Years

Panel E: Developing Countries
Mother’s Height (cm)

Mother is underweight

Mother is obese

Mother’s Education

Prenatal Care in Area (% Doctor)
Prenatal Care Area (% Nurse)

Prenatal Care in Area (% Any)

Percent Twin Births

Mother’s age in years

14,050
14,050
14,050
14,050
14,050
14,050
14,050
14,050
14,050

2,052,338
2,052,338
2,052,338
2,052,338
2,052,338
2,052,338
2,052,338
2,052,338
2,052,338

0.01

0.00

0.07

0.00

0.02

0.07

10.83
2.55
27.89

155.82
0.12
0.11
4.22
0.35
0.41
0.79
2.10

34.15

0.07
0.05
0.25
0.06
0.14
0.25
3.59
15.76
6.61

7.11
0.32
0.32
4.56
0.29
0.26
0.20
14.33
7.54

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
18.00

73.40
0.00
0.00
0.00
0.00
0.00
0.00
0.00

18.00

1.00
1.00
1.00
1.00
1.00
1.00
16.00
100.00
49.00

230.50
1.00
1.00

27.00
1.00
1.00
1.00

100.00

49.00

Each panel presents descriptive statistics of data from each sample analysed in Figure 1 of the paper. Panel
A comes from the United States Vital Statistics System for all non-ART users from 2009-2013, Panel B
consists of all births from the Swedish Medical Birth Register from 1993-2012, and Panel C comes Avon
Longitudinal Study of Parents and Children. Further details on data are available in Part 1 section 2 and

appendix C. All variables are either binary measures, or with units indicated in the variable name.
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Table A2: Summary Statistics

Developing Countries

United States

Single Twins All Single  Twins All
Mother’s Characteristics
Fertility 3.592 6.489 3.711 1.925 3.107 1.955
(2.351)  (2.724)  (2.436)  (1.001) (1.176)  (1.022)
Age 31.18 35.49 31.36 36.05 36.88 36.07
(8.095) (7.385) (8.113) (8.396) (7.997)  (8.387)
Education 4.823 3.582 4.772 12.54 12.70 12.54
(4.721) (4.330) (4.712) (2.326) (2.232) (2.323)
Height 155.6 157.4 155.7 - - -
(7.075) (7.050) (7.083) - - -
BMI 23.31 23.69 23.32 27.45 28.01 27.47
(4.819) (5.004) (4.827) (6.628) (7.247)  (6.645)
Pr(BMI)<18.5 0.124 0.100 0.123 0.0206  0.0168 0.0205
(0.330) (0.300) (0.329) (0.142) (0.128)  (0.142)
Excellent Health - - - 0.320 0.325 0.320
- - - (0.466) (0.468)  (0.466)
Children’s Outcomes
Age 13.24 13.36 13.24 11.19 10.77 11.18
(4.912) (4.873) (4.909) (3.892) (3.902)  (3.893)
Education (Years) 4.495 4.006 4.465 5.135 4.633 5.123
(3.811) (3.680) (3.804) (3.835) (3.736)  (3.833)
Education (Z-Score) 0.00652  -0.0967 0.000 0.00236 -0.0980  0.0000
(1.000) (0.992) (1.000) (1.001) (0.949)  (1.000)
Infant Mortality 0.0587 0.137 0.0592 - - -
(0.235) (0.137) (0.236) - - -
Excellent Health - - - 0.526 0.536 0.526
- - - (0.499) (0.499)  (0.499)
Fraction Twin 0.0198 0.0257
(0.139) (0.0158)
Birth Order Twin 4.419 2.196
(2.448) (1.064)
Observations 2,167,094 43,771 2,210,865 221,381 5,832 227,213

NOTES: Summary statistics are presented for the full estimation sample consisting of all children 18 years of age

and under born to the 897,130 mothers responding to any publicly available Demographic and Health Survey

or the 88,178 mothers responding to the National Health Interview Survey from 2004 to 2014. Group means

are presented with standard deviation below in parenthesis. Education is reported as total years attained, and

Z-score presents educational attainment relative to birth and country cohort for DHS, and birth quarter cohort

for NHIS (mean 0, std deviation 1). Infant mortality refers to the proportion of children who die before 1

year of age. Maternal height is reported in centimetres, and BMI is weight in kilograms over height in metres

squared. For a full list of DHS country and years of survey, see appendix table A21.
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Table A3: Test of Balance of Observables: Twin versus Non-Twin

Singleton  Twin Diff. t-stat
Family = Family (Diff. SE)

Panel A: Developing Countries

Mother Education’s 4.823 3.582 -1.241 -49.64
(0.025)

Father’s Education 6.099 4.985 -1.114 -39.78
(0.028)

Mother’s BMI 23.305 23.685 0.380 14.62
(0.026)

Mother is underweight 0.124 0.100 -0.024 -12.00
(0.002)

Mother’s Height (cm) 155.611  157.410 1.799 47.34
(0.038)

Panel B: USA

Mother’s Education 12.532 12.742 0.210 4.67
(0.045)

Father’s Education 12.821 12.968 0.146 3.95
(0.037)

Mother’s BMI 27.652 28.123 0.472 2.51
(0.188)

Mother is underweight 0.020 0.016 -0.004 -1.00
(0.004)

Mother in Excellent Health 0.323 0.338 0.014 1.56
(0.009)

NoOTES: Panel A is estimated from DHS data, and panel B uses NHIS data. The first two
columns display means, while the third column displays the difference and its standard error,
estimated using a two-tailed t-test. Reported t-statistics of the difference are based on an
unconditional ¢-test. Education is measured in years and underweight refers to a BMI<18.5.

Full descriptive statistics and definitions are provided in table A2.
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Table A4: Effects of maternal health on twin births (conditional results)

Health Behaviours / Access

Health Conditions

Variable Estimate [95% CI] Variable Estimate [95% CI]

Panel A: United States

Smoked Before Pregnancy 0.225*** [0.174,0.276]  Height 0.560*** [0.533,0.587]

Smoked Trimester 1 -0.070* [-0.144,0.004] Underweight -0.180***  [-0.205,-0.155]

Smoked Trimester 2 -0.176***  [-0.276,-0.076] Obese 0.102** [0.073,0.131]

Smoked Trimester 3 -0.171**  [-0.259,-0.083] Diabetes -0.263***  [-0.292,-0.234]

Education 0.678*** [0.645,0.711]  Hypertension -0.205***  [-0.238,-0.172]

Panel B: Sweden

Smoked (12 weeks) 0.049*  [0.008,0.106] Height 0.612°*  [0.587,0.637]

Smoked (30-32 weeks) -0.307*  [-0.352,-0.262] Underweight -0.148***  [-0.181,-0.115]
Obese -0.082***  [-0.106,-0.058]
Asthma 20.005  [-0.023,0.013]
Diabetes 10.243***  [-0.268,-0.218]
Kidney Disease -0.066™**  [-0.088,-0.044]
Hypertension -0.082***  [-0.104,-0.060]

Panel C: United Kingdom (Avon)

Healthy Foods 0.537*** [0.253,0.821]  Height 0.408*** [0.122,0.694]

Fresh Fruit -0.116 [-0.422,0.190] Underweight -0.191 [-0.469,0.087]

Alcohol (Infrequently) 0.069 10.251,0.380]  Obese 0.008  [-0.286,0.270]

Alcohol (Frequently) -0.398"  [-0.716,-0.080] Diabetes 0.065  [-0.337,0.207]

Passive Smoke 0.193 [-0.121,0.507] Hypertension -0.479**  [-0.751,-0.207]

Smoked during Pregnancy -0.165 [-0.475,0.145]

Education 0.384* [-0.039,0.807]

Panel D: Chile

Smoked during Pregnancy -0.256**  [-0.501,-0.011] Underweight -0.172 [-0.388,0.044]

Drugs (Infrequently) 0.018 [-0.243,0.279]  Obese -0.256**  [-0.444,-0.068]

Drugs (Frequently) -0.096***  [-0.141,-0.051]

Alcohol (Infrequently) -0.037 [-0.331,0.257]

Alcohol (Frequently) -0.115**  [-0.160,-0.070]

Education 0.486*** [0.155,0.817]

Panel E: Developing Countries

Doctor Availability 0.036 [-0.009,0.081] Height 0.269*** [0.238,0.300]

Nurse Availability 0.045** [0.006,0.084]  Underweight -0.085***  [-0.110,-0.060]

Prenatal Care Availability 0.042** [0.003,0.081]  Obese 0.046*** [0.015,0.077]

Education 0.083***  [0.050,0.116]

Regressions replicate table 1, however all variables are included in one regression. Refer to additional notes to

table 1.
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Table A5: Effects of maternal health on twin births (unstandardised variables)

Health Behaviours / Access

Health Conditions

Variable Estimate [95% CT] Variable Estimate [95% CI]

Panel A: United States

Smoked Before Pregnancy -0.325"**  [-0.409,-0.241] Height 0.086*** [0.082,0.090]

Smoked Trimester 1 -0.724**  [-0.818,-0.630] Underweight -0.644**  [-0.750,-0.538]

Smoked Trimester 2 -0.936***  [-1.036,-0.836] Obese 0.088** [0.017,0.159]

Smoked Trimester 3 -0.969**  [-1.069,-0.869] Diabetes -3.365"*  [-3.718,-3.012]

Education 0.447** [0.429,0.465]  Hypertension -1.857*  [-2.141,-1.573]

Panel B: Sweden

Smoked (12 weeks) -0.704**  [-0.798,-0.610] Height 0.099*** [0.095,0.103]

Smoked (30-32 weeks) -1.030**  [-1.132,-0.928] Underweight -0.716***  [-0.887,-0.545]
Obese 0.411%  [:0.497,-0.325]
Asthma 0.085  [-0.189,0.019]
Diabetes -3.737*  [-4.113,-3.361]
Kidney Disease -1.359"** [-1.731,-0.987]
Hypertension — -1.872"*  [-2.286,-1.458]

Panel C: United Kingdom (Avon)

Healthy Foods 1.333*** [0.635,2.031]  Height 0.059*** [0.016,0.102]

Fresh Fruit 0.039 [-0.594,0.672]  Underweight -0.794 [-2.164,0.576]

Alcohol (Infrequently) -0.259 [-0.976,0.458]  Obese -0.218 [-1.512,1.076]

Alcohol (Frequently) -1.567*  [-2.759,-0.375] Diabetes -0.951 [-5.573,3.671]

Passive Smoke 0.096 [-0.494,0.686] Hypertension  -2.536*** [-3.975,-1.097]

Smoked during Pregnancy -0.433 [-1.199,0.333]

Education 0.225* [0.000,0.450]

Panel D: Chile

Smoked during Pregnancy -1.084*** [-1.894,-0.274] Underweight -0.753* [-1.641,0.135]

Drugs (Infrequently) 0.021 [-3.439,3.481]  Obese -1.734**  [-3.000,-0.468]

Drugs (Frequently) -3.053**  [-3.717,-2.389]

Alcohol (Infrequently) -0.274 [-1.383,0.835]

Alcohol (Frequently) -2.783**  [-3.436,-2.130]

Education 0.140*** [0.052,0.228]

Panel E: Developing Countries

Doctor Availability 0.321%** [0.203,0.439]  Height 0.040*** [0.036,0.044]

Nurse Availability 0.253*** [0.130,0.376]  Underweight -0.288***  [-0.366,-0.210]

Prenatal Care Availability —0.549*** [0.410,0.688]  Obese 0.196*** [0.098,0.294]

Education 0.033"*  [0.025,0.041]

Regressions replicate table 1, however all variables are unstandardised. Refer to additional notes to table 1.
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Table A6: Smoking and birthweight

Dependent Variable: All Non-Twin Twin
Birthweight Births Births Births

Smokes 3 Months Prior to Pregnancy -98.36***  -100.8***  _57.41%%*
(1.172)  (1.189)  (5.591)

Smokes Trimester 1 -140.3%*%*  _144.1%%% .92 6T***
(1.316)  (1.333)  (6.440)
Smokes Trimester 2 -163.0%*F*  _167.8%**F  _106.9%**
(1.390)  (1.407)  (6.940)
Smokes Trimester 3 S168.3%F**  _173.2%FF  _109.8%**
(1.417)  (1.434) (7.137)
Average Birthweight 3,283.5 3,311.5 2,369.7
Observations 1,411,556 1,370,368 40,151

Each cell represents a multivariate OLS regression of smoking behaviour on birthweight
using the sample of USA birth data used in table 1. All specifications follow those reported
in table 1. Smoking in each period is a binary measure, and birthweight is measured in

grams.

Table A7: Effects of maternal health on twin births (ART only)

Health Behaviours / Access Health Conditions

Variable Estimate [95% CI] Variable Estimate [95% CI]
United States: ART Only [N =217,703, % Twin = 35.39]

Smoked Before Pregnancy -1.113"**  [-1.266,-0.960] Height 1.880*** [1.719,2.041]
Smoked Trimester 1 -1.175**  [-1.324,-1.026] Underweight  0.105 [-0.050,0.260]
Smoked Trimester 2 -1.123***  [-1.274,-0.972] Obese -2.204*** [-2.365,-2.043]
Smoked Trimester 3 -1.042**  [-1.193,-0.891] Diabetes -1.318*** [-1.489,-1.147)
Education 2426 [2.254,2.598] Hypertension -1.592*  [-1.766,-1.418]

Results are reported following the specifications in table 1, for USA only (where ART usage is observed for all births).
The sample period and specification is identical to those in table 1, however now only Artificial Reproductive Technology

users are included in the regression.
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Table A9: Probability of Giving Birth to Twins USA (NHIS)

Twinx 100 All Time
1982-1989 1990-2013

Age 0.0198 -0.569** 0.0306
(0.0432) (0.225) (0.0462)
Age Squared -0.000903  0.00513**  -0.000883
(0.000601) (0.00248) (0.000649)
Age First Birth 0.153%%* 0.200* 0.143%%*
(0.0131) (0.106) (0.0139)
Education (years) 0.0157 0.0793* 0.0107
(0.0154) (0.0453) (0.0163)
Height 0.0341* -0.0163 0.0386*
(0.0201) (0.0597) (0.0213)
BMI 0.00852***  0.0158*%  0.00770**
(0.00304) (0.00849)  (0.00324)
Smokes (pre-birth)  -0.186* 0.171 -0.206*
(0.112) (0.312) (0.119)
Observations 114,037 10,114 103,923
R? 0.003 0.006 0.003

All specifications include a full set of survey year, region of birth,
and mother’s race dummies and are estimated as linear probabil-
ity models. Twin is multiplied by 100 for presentation. Height is
measured in cm and BMI is weight in kg divided by height in me-
tres squared. Standard errors clustered by mother are included in
parentheses. *** p<0.01, ** p<0.05, * p<0.1
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Table A10: Can Selective Maternal Survival Explain Twinning Rates? (Lee Bounds)

>140cm & >145cm & >150cm & >155cm &

Twinx 100 BMI >16 BMI >16.5 BMI >17 BMI >17.5

Upper Bound 0.371 2.339 0.723 -0.253
(2.172) (0.977) (0.663) (0.517)

Lower Bound 6.566 6.652 6.680 6.786
(0.199) (0.203) (0.211) (0.233)

Estimates of Lee (2009) bounds of the effect of treatment (positive health) on
twinning. Selection is due to death during pregnancy, proxied by any sister
of the index women suffering a maternal death. In each column, “healthy” is

defined in the column title.

A18



‘T0°0>ontea-d, ‘go-o>onrea-d,, ‘T0'0>onesa-d,,, -sesoyjuored ur poAr[dSIp I8 SIOLI® PIRPURIS ISNOI A}I01)SBPIISOINIOY pur ‘pojiodor are

U01SS91891 91} WOIJ SHUSIDIF0) Y] JO Tedk oY) pue ‘Yiiiq S,IOYIOU JO IOqUINU [€307 ‘S109JJo Poxy a8k S,I9YJ0ouW I0] S[OIIUO0D OS[R UOISSIZol

UorG O[3} UWIMN[OD Y} Ul PIJedIpurl SI UWN[0D YOS Ul S[eLIBA [)[edY 9Y ], ‘9[eLIeA [)[edY 9} pUe SULM} US9M)d( UOI}IRIUI S} PUE ‘NO0}S

[J{eoY 10 Inotaeyaq yjesy ' ‘suim) uo (00T £q pordmnur) yyesp [BI9] © Ul SPUS [III B ISYIOYM JO UOISSAISel ' sjuesardol uwmiod yoery

9€8°606'GT €LG'RTR'CT  TPI'6L9°ST  F9S'SGTOT  9¢8°606°GT  0£8°60%°CT  00F099°CT SUOTYRAIIS] ()
[L11°0] [150°0] [150°0] [670°0] [870°0] [10°0] [160°0]

xxx1€°9 +xx9C0O' T sk LCL'T xxx9LG° G +xxGCG LT *xx000°7 skl L'V juejsuoy)
[290°0] [068°0] [860°0] [€60°T] [69¢°0] [9zg°¢] [12L70]

+5%299°0- GGL0 070°0 L0€°T +xx 8PS E zTe e 9680 IO X UIMT,
[800°0] [280°0] [900°0] lee1°0] [7%0°0] [9%¢0] [220°0]

R AANIE k56080 k12070 +LEE0 wxx600 T wxxk6TCT  xxxL08°0  Ayuowre(siq) yieoH
[976°0] [¥61°0] [L61°0] [161°0] [zzg 0] [761°0] [661°0]

+xx0GT 6T w5x€90°0T 556296 5xxkCL6OT  55x%x1C9S  4xx080°0T 4448796 um T,
onpy sIeax SYULI(] N SS1D) N JTwOUY  989[[0)) ON SYULI(] soyjowrg

(L) (9) () ¥) (€) (2) (1)
(reuonytpuoy)) sInoraryeg I[RIH pueR ‘SUTUUIMT, ‘Syea( (810 1TV °[qRI,

A19



(960'0)  (200°0)
¢e0’0-  810°0-  snid Imog (0%
(¢z0'0)  (100°0) ‘Ioyem ‘pue[ ‘swlool) SpoO3 "Sur[o0TOs JO SIBAL ST
2000 020°0- Snid @d1yJ, Pproyesnoy ‘Sumeds g ‘sorur (o109 pojIoder) swoojn() ‘Sp[o IeaA
(¢10'0)  (100°0) -np 3urooyds pue Juroorps  LI-gT oIe s19lqng "6661-9661 WO (7102) oPTeIN
610°0-  0g0°0-  sn[d om]J, jo sread sjuored ‘oFe sjuored (HASVONH) eyep Loamg uweosrxoly pue  suownszyig (G
“gurjooyos
JO s1ead st (o10y polrodar) awodIn()
(or1-)  1(FrE) ‘[oAS] TeUOIIRONPS  "19ZUNOA I0 9Fe JO SIB9A GE oIk oYM
¥¢0°0- €00~ SN[J 991U, PUR oFe [RJUSIR] 'OOUSPISAIJO  SIOYIOW M SPO IBaL ), T-9 oIr S300[
((81°0) (9627 ooeld pue ‘1opio Yjiq ‘dnoi8 -qng -snsue)) uoremdo] osoury))
200’0 T€0°0-  Ssn[d oM oy  ‘wpuwd ‘oFe PIYDH (66T Ul jo o[dures jueorad T oy, (8002) Te % T (%)
"ITROA SNSUOO puR ‘YIIq ‘pojerdwoo opersd
(171°0)  (€00°0) Jo ooeld s 101y} pue S IoyjoW  JsoySIY SI (010 pojrodal) surooin()
19T°0 ePT'0-  SN[J @oay], ‘uorjeiSrwrwil e oSe pue [YiIq ‘sjuopuodsol PO Iedk ()9-QT ‘sosns
(991°0)  (€00°0) 181y je ofe ‘98e s Ioyjowl  -UdD /G PUB GEET wol sojdures
PLI0  GPT°0- SN[ OMI,  ‘YHIQ JO YRuowr Suissiu 9Fy  ejepomdrwn esn-orqud 90z [oRIs]  (010g) T 3 susuy (g)
“HIOT[0D I9T] IO STY pultaq ST PIIyo
(900°0)  (100°0) o1} IOY}9YM JO IOJROIPUL UR SI (9197
0T0°0 L10°0 SN[ 99I1YJ, "X0s ‘o8e s 1oyjowr  polrodar) ouodn() ‘sIeak 9T-9 posde
(€00'0)  (000°0) ‘o0BI  ‘UOIyEONPS  SJOYIOW  ULIP[IY) -o[dwreg oI os[) Aqnd (9002)
20070 110°0 SN[ omJ, ‘O0uopIsel Jo 9je)s 98y JUAOIOJ-OAl] Snsuo)) (86T VSN oueldp-semoe)  (g)
(650°0)  (900°0)
¥¢0'0-  690°0- Sid Mmoq "uoryednps Jjo
(¥70°0)  (¥00°0) s1ead pojorduoo st owooIn() *(sIeak
910°0-  920°0-  snid o9dYg, ¢g < WAIP[IYD) ‘000g-986T Surmp
(Lv0'0)  (€00°0) X0s ‘moreon  L-9T  pode  s[enprapul  jo sy
R€0'0- 090°0- snig omJ, -po sjuored ‘oFe sjuored ‘0Fy  QAIJRIJSIUTWIPR  POYDjelW  ARMION (¢002) e 10 erg (1)
Al ST10 ordureg pepnyouy S[oIuo)) porog “eye( Joyny
soyewn)sy

9INYRISHIT JUSWINIISUT UM T, oY) pue A48 :ZTV O[qRL

A20



pIepue)s I} s Suore pejusserd ore Apnjs yoes ur peyrodor S9YRUIISE )Xo} 91} JO APOQ 9T[} Ul IOY}ING PISSNISIP SODINOS [BNPIATPUT S9ION

*IOIID pJepuri)s 93} URY) JoYJRI JI1SIIR)S-] 9 UIRIUOD |, SB PayIewW SosoyjualeJ ‘sisoyjuared Ul SIOLID
prep ) UeY) I9TRL OIS ) UIRIUOd | se Pay IudIed SISO d ur

oge
pue ‘SUIjooyds JO SIedA S, peay
A[Iurey pue IoUlOuW :‘S[OIJUOD
Q0RI puR dge ‘IOpuas S,pPlIy))

‘ode pue Iopued pIIyo
“Yia1q Jo oty ye o8e S I0YI0IN

‘pojerduoo
[00TDS JO SIRaA ST 8187 Pajiod
-oI awodIN() PO SIBOA ()Z-8T

pue ‘steok GT-OT JO UWDIPIIYD
oidures 940z pue (T ‘erep
-OIOTW SNSUD)) URI[IZRIG 66T

sut
-[00T]Os JO s1eaA ST (9107 pajiod
-0I) oUIodIN()  ‘SPIOYESNOY
urmj-uou pue (Q-, pase)
SUIM} TWOIJ POJIAAS S[ENPIAID
Ul '€00%-300% (SLOD) Loa
IS SUIM T, PIHD) 9S9uly() OY T,

(2102)

vZNOG pue ozouod ()

pue

(600z) Sueyz
Sromzuesoy  (9)

(¥61°0)  (¢10°0) (a1)
7€9°0-  €8¢°0- SN[ 99,
(r91°0)  (010°0) (n)
090°0-  0€’0- SN[ 9917,
(861°0)  (¢10°0) (1)
TLE0-  LLT0-  sn[d omT,
(9r1°0)  (010°0) (n)
LET'0-  €€C°0-  SnJ omf,
(1e7) mg +
63T 0- W10 Peonpoy
1(z61)
L0g°0- ULI0,] Peonpey
Al ST0 odureg

soyewIISH

popnyouy s[o13uo))

porog ‘“eye(y

IoIny

A21



€0L8CTT  €0L8TTIT  €0L8TIT €0L8TTT €0L8CTT  €0L8TTIT  €OLSTIT SUOTIRATIS( ()
[670°0] [910°0] [970°0] [710°0]

w5k 7910 540,80 5459680  44xGG8°0- 0T< I9PIO Y3Ig
[€10°0] [#10°0] [$10°0] [210°0]

45%GG0°0  sxFIT0 54520270 54x8E8°0- 6 10pI0 YIIg
[170°0] [210°0] [210°0] [010°0]

w54E€0°0  454890°0  sxs0FT0  4sxP8L0- 8 I0pI0) YIIIg
[010°0] [010°0] [010°0] [600°0]
7100~ G00'0-  441G0°0 4467270 L 10pIQ) HIg
(80070 [600°0] [600°0] [800°0]

***mﬂwo.©| ***@mo.ou *NHO.Du ***N%@.Ou 9 H@UHO qing
[200°0] [200°0] [200°0] [200°0]

w3kl G0°0" 45880707 sxx190°0"  4xx96G°0- G 10PIO YIIg
[900°0] [900°0] [900°0] [900°0]

***mmo.o| **%Nﬁﬁ.ol ***@@0.0u ***mmw.ol 14 H@UHO g
[500°0] [¢00°0] [¢00°0] [¢00°0]

*%*HN0.0u **%@OH.Ou *%*@@0.0u ***Nmm.ou ¢ H@UHO g
[€00°0] [£00°0] [700°0] [700°0]

***Oﬂ@@u **%N@OOu *%*h@@Ou ***mhﬁﬁvu 4 H@@HO Qp.ﬁm
[100°0] [100°0] [100°0] [100°0] [100°0] [100°0]

***NNDOu **%%OHOu *%*%NHOu **%N@OOu *%*ﬂ@ﬁ@u ***Nﬁﬂ@u %:E@.w @Qp ut Q@HUEQU wO H@QESG ﬁmu«O,H
H+S+ S+ oseg  ANMIdJoN  HAS+ S+ oseq

(L) (9) (g) (¥) (€) (2) (1)

SH 10PI10 I

SH.I 10PI0 YL ON

(e¥ed SHA POIOOJ) S[OIO)) 10PIQ) THIE O PUR TIIM SOYEUNST §TO €TV OIqHL

A22



T€6€91 1€6€91 1€6€E91 1€6€E91 1€6€91 1€6€91 T€6E91

SUOI}RAIOS( ()

(120°0) (¥0°0) (¥%0°0) (870°0)
TIT0- ok lVT°0- «xxE861°0 $xxGGT°0 0r<
(ge1'0) (v21'0) (911°0) (L0T°0)

10PIQ) I

LLT°0- x1CC 0" G900 xx9CC 0" 6 19pI0 YMIg
(86%°0) (86%°0) (00¢°0) (10g°0)
1€¢°0 2020 197°0 €0¢0 Q I9pI0) YMIg
(861°0) (9¢1°0) (L8T°0) (961°0)
9¢0°0~ 2S00~ z91°0 €90°0~ 1 10pI0) I
(180°0) (180°0) (6,0°0) (080°0)
Ge0'0- 870°0- AN 9€0°0- 9 IOPIO) YHMIg
(570°0) (g¥0°0) (170°0) (170°0)
7200 810°0 xxxLLT°0 170°0 ¢ IOpIO) I
(620°0) (620°0) (020°0) (610°0)
xE70°0- #LV00~  %xxE80°0 800°0- ¥ 0pI0 g
(510°0) (¢10°0) (010°0) (010°0)

%xx2G0°07  %xxLG0°0- %xx070°0 €100~ ¢ PpIO Yylg
(8000)  (800°0)  (900°0) (900°0)

#xx6E0°07  «xxGE£0°0- *xx£60°0 7000 G Pp1O Yrng
(700°0) (%00°0) (#00°0) (%00°0) (¥00°0) (¥00°0)

***NNDOu **%@NOOu *%*wmocu **%ﬁNOOu *%*%NOOu ***OMOOu %:E@.w @Qp ut Q@MUEQO mO M@QEDZ ﬁmpO,H
H+S+ S+ osed Ay ON  HAS+ S+ oseq

(L) (9) () (%) (€) (2) (1)
SHJ P10 YHIg SHJ 10PI0 YHIg ON

(VSN) S[o1uo) 10pI10) I IMOYILM Pue [its sopewnsy §T0 TV OI8L

A23



10°0>d,,, ‘g0°0>d,, ‘T°0>d, 1oded ay) ur 4 s[qe) 0} S9j0U 0} IaJaYy

0000 000°0 0000 0000 0000 000°0 0000 000°0 000°0 o1)sTIR)S NI JO onjea-d
71669 8€°GL9 82809 09°0S9 62°229 89°0G¢G 16°09% 87" 9¢¥ 08°'8G¢  onsness 1 dee-uo3IoqoIy]
0ZH70g 0ZH70¢ 02H70¢ 687961 687961 687961 063L21 062L1 062,31 STUOTYRAIOS ()
(2€0°0) (2€0°0) (2€0°0) (££0°0) (£€0°0) (¥£0°0) (1370°0) (1%0°0) (£%0°0)
wkkTES'0 5440080 45x26L°0  5xxEES°0  5xx908°0  44406L°0  5xxFL80  5xx098°0  4x4E18°0 SUIM T,
a8e)g 1sa1q :D) [oued
81°0 60°0 €0°0 81°0 60°0 c0'0 81°0 01°0 G0'0 paxenbg-y
0ZF70g 0ZF70¢ 02F70g 687961 687961 687961 062,21 062L31 062,21 SUOTYRAIOS ()
(¥20°0) (820°0) (620°0) (920°0) (620°0) (0£0°0) (9€0°0) (L£0°0) (8€0°0)
€600~ 48%0°0- 1€0°0- ++8G0°0- 95070~ 9%0°0- z€0°0- 070°0- €20°0- NN UREE:
symsoy Al :d [eued
6,90 L6E°T 0590 61€°T 63S°0 €00'T oney 1150
€0z'1 GL]T 6€T'1 9¢°G 10€°'T TL'G orpey ‘Te %o MU0y
zg0 v1°0 01°0 zg0 ¥1°0 110 220 91°0 €10 porenbs-y
0ZH70g 0ZH70¢ 02H70¢ 687961 687961 687961 063L21 062L1 062,21 STUOTYRAIOS ()
(200°0) (200°0) (200°0) (200°0) (200°0) (200°0) (£00°0) (£00°0) (£00°0)
*%*NNOOu %**NHﬂOu ***Hﬁﬁ@u ***wwocu %**ﬁﬂﬂ@u *%*mmﬁcu ***m®00| ***MWﬁcu *%*%@ﬂ@u %pﬂﬂh@h
s)Nsoy ST0 'V [oued
HXS+ H+ oseq] H2S+ H+ oseq H2S+ H+ oseq
+¥ +¢ +z

(A[uQ s[In)) A pue ‘spunog ‘SO :seyewnysy A1uno)) Surdopadd :GTY o[qe],

A24



10°0>d,,, ‘g0°0>d,, ‘T°0>d, 1oded ay) ur 4 s[qe) 0} S9j0U 0} IaJaYy

000°0 000°0 000°0 000°0 000°0 000°0 000°0 000°0 000°0 o1IsTYR)S NI JO onpea-d
iaacd) LV VL T7°90L €829 L€°1€9 GL'9LG 86'T0F €3 €8¢ €7'Tge  o1sTe)s NI deeJ-ueSIoqIory]
G6150¢ G6150¢ G61S08 TET661 2ET661 TET661 9292€1 9292€1 92921 SUOTRAIIS( ()
(££0°0) (£€0°0) (£€0°0) (2€0°0) (£€0°0) (¥£0°0) (0%0°0) (1%0°0) (2¥0°0)
w5x868°0  55x968°0  555988°0  5x4CER°0  5x%€C8°0  4%xG08°0 5450080  55x96L°0 5519270 SuIm J,
a8e)g 1sa1q :D) [oued
€10 900 200 ¥1°0 900 €00 €10 90°0 200 porenbg-y
G61S0C G6150¢ G6150¢ TET661 TET661 TET66T 92921 9292€T 92921 SUOTRAIIS( ()
(¥20°0) (920°0) (820°0) (920°0) (820°0) (620°0) (L£0°0) (6£0°0) (0%0°0)
120°0- 920°0- 2c0°0- z€0°0- ¥20°0- 600°0- 900°0 0100 9T0°0 I ORET |
synsay AT :d [Pued
L96°0 LOT'T TGG0 60 £05°0 060 onyey 10950
8C0'T 6T T'T 0°G VeT'T G oryey ‘e 10 U0y
LT°0 0 L0°0 LT°0 R0 80°0 LT°0 110 60°0 porenbs-y
G6150¢ G6150¢ G61S08 TET661 TET661 TET661 9292€1 9292€1 92921 SUOTRAIOS( ()
(200°0) (200°0) (200°0) (200°0) (200°0) (200°0) (200°0) (£00°0) (200°0)
*%*mmocu %**@%OOu ***b@ﬁ@u ***@@OOu %**@Oﬂ@u *%*@Nﬁ@u ***ﬁb@@u ***@HHOu *%*@Mﬂ@u %pﬂﬂh@h
synsay STO 'V [Pued
H2¥S+ H+ oseq H23S+ H+ oseq H29S+ H+ oseq
+¥ +¢ +z

(ATuQ sfog) AT pue ‘spunog ‘SO :sepewnysy Anuno)) Surdoadd 91y o[qr],

A25



10°0>d,,, 60°0>d,, ‘T'0>d, 'R a[qe) 01 1Y :SHLON

60321 60321 60281 89€97 89€9¢ 89€£9¢ 08€VE 08€VE 08€ve (31ROl suoreatasqQ
02L0T 02L0T 02L0T 81€ET 81€ET RTEET 0066¢ 00668 00662 (uoryeonpy) SUOIFRAISq()
00070 000°0 00070 0000 0000 0000 00070 000°0 000°0 o1Is1RIS 1 Jo onfea-d
98'68 ce'zs L1708 VL' L8T 80'88% L9°69% 67°96€ 88'G]E ge'ere  ousne)s N1 dee-UeSIoqIoTy]
(280°0) (¢80°0) (680°0) (1%0°0) (1%0°0) (2¥0°0) (9€0°0) (9€0°0) (L£0°0)

w348LL°0  5xx0LL°0  wxxT9L°0  5xx€0L°0  54x669°0  54xC69°0  s4xTCL0  s4xETL0 5450890 U3ROH JUS[[90X ]
(280°0) (060°0) (060°0) (¥%0°0) (¥10°0) (670°0) (9€0°0) (L£0°0) (L£0°0)

ok lLL0 sexx0LL0  55x99L°0  5xx6L9°0  54x929°0  54%899°0  %4xC99°0  s4xFGO0  54x¥C90 9100G-7, [00TDS

a8e)g 1sa1q D) [Pued
(990°0) (L90°0) (¥80°0) (670°0) (670°0) (¥50°0) (2€0°0) (2€0°0) (6£0°0)
0%0°0- 7€0°0- 910°0- 800°0- 800°0- 8€0°0 61070 zc00 110°0 T3] TUS[[OXT]
(Ge1°0) (9¢1°0) (Le1°0) (¥01°0) (¥01°0) (L0T°0) (690°0) (0L0°0) (€20°0)
291°0- 8GT0- 671°0- 080°0 180°0 860°0 0500 LS00 12070 9100G-7, [00TDS
symsey Al :d [Pued
V8¢S I8¢’ eve1 009G 708’1 693°'€ onyey 19150
LE6'T 618G 1€9°0 €e0'T 798°0 cLV'T onyey ‘Te 10 MU0y
(¥00°0) (¥00°0) (900°0) (€00°0) (£00°0) (¥00°0) (€00°0) (€00°0) (¥00°0)

***NN0.0u ***ﬂmo.ou ***mmo.ou **NO0.0u ***@O0.0u ***wﬁo.ou **NO0.0u ***@OO.Du ***mﬁo.ol [ eoH HO[[o9XH
8280 8TG'T T0T'T 96L'T €680 gee'1 oryeY 19150
zes'T 280°S 911'% 1€2°G ece'1 0v0°'€e onyey ‘Te 30 Moy

(€10°0) (€10°0) (€10°0) (600°0) (600°0) (600°0) (800°0) (800°0) (L00°0)
%ﬁNOOu *%HMOOu ***bﬂ@@u ***@NOOu %**@ﬂ@@u *%*Mﬁ@@u ***MNOOu ***OMOOu *%*OﬁOOu @.HOOmuN ﬁOOQOW
symsey STO 'V [Pued
HZS+ H+ oseq HXS+ H+ oseq H2YS+ H+ oseq
+¥ +¢ +z

(&1uQ orewa) AT pue §TO SeyewnsH SN ATV O[qRL

A26



10°0>d,,, 0°0>d,, ‘T'0>d, 'R a[qe) 0} 1Y :SHLON

6V1CT 6¥1CT 671CT cT0Le GT0LT GT0LT L6]GE L6]GE L6SGE (31ROl suoreAtasqQ
ze90T 2901 z€90T 066£¢ 066£¢ 066£¢ L9ETE LIETE L9€1E (uoryeOonpy) SUOIFRAIIS|()
000°0 0000 000°0 000°0 00070 00070 00070 000°0 000°0 o1ISIYR)S Y1 JO onfea-d
¥8°9. 9z°¢L 9%z 62921 eR'GTl 88'1¢1 Ve GIv 19°00% 6L°67¢  onsnels y1 deeJ-ueSIaqrory]

(160°0) (160°0) (260°0) (990°0)  (990°0) (290°0) (€£0°0) (€€0°0) (2€0°0)
#54GF8°0  554GC8°0  5x4¥T8°0  5xx808°0 5552080 5559080  5x€9L°0  4xF9L0  5xxG0L0 3O JUS[[OIX]]

(960°0) (960°0) (L60°0) (120000 (120°0) (2L0°0) (9€0°0) (L£0°0) (9€0°0)
#54CF8°0  5x41C8°0  5%4GT8°0  5xx86L°0  5xx96L°0 sk F6L0  55x6EL°0  5xx0VL 0 55x8L9°0 9100G-7, [00YDS
a8e)g 1sa1q D [Pued

(190°0) (290°0) (€90°0) (8¢0°0)  (8€0°0) (970°0) (820°0) (820°0) (L£0°0)
6T0°0- GT0°0- L90°0 4428070~ 4488070~  4.80°0- Ge0'0 9€0°0 €e0'0 U)EO] JUS[[OIXG]

(1€2°0) (L£2°0) (8gz'0)  (0800)  (080°0)  (6.0°0) (260°0) (¥60°0) (G01°0)
AR LET0- LET0- 960°0- ¢60°0- 060°0-  4xE€C°0"  44€€C0~  4xLTT 0" 9100G-7, [001DS
symsey Al :d [Pued
LLV'G 120°€ 066'T 65€°¢ G90°0- 981°0 onyey 19150
08T'T 96T 888°0 LeT'T LV90 €810 onyey ‘Te 10 oy

(500°0) (500°0) (900°0) (F00'0)  (#00°0) (¥00°0) (€00°0) (€00°0) (¥00°0)
***MH0.0u ***ﬂﬁo.ou ***ﬂmo.ol *NO0.0u **moo.ou ***@ﬁ@.ou T000 T00°0- **NO0.0u JI[eoH JUL[[eIXH
z60°0- 1100 0,70 29 £78°0 8TT'T onyey 1150
L90°0- 981°0 90€'T €T8°C LIV'T 8TL'T onyey ‘Te 10 oy

(220°0) (220°0) (1z00)  (r1000)  (11000)  (110°0) (600°0) (600°0) (800°0)
G000 T000- NOOOu *NNOOu **mmocu **%@MOOu *%*%NOOu ***mm00| **%%ﬁ@Ou @MOomuN ~OOQom
symsey STO 'V [Pued

H2yS+ H+ oseq H2yS+ H+ oseq HYS+ H+ oseq
+¥ +¢ +z

(AT1O o[eIN) AI PUe §7T0 :seyewnsy S 8TV 9[qRL

A27



10°0>d,,, ‘g0°0>d,, ‘T°0>d, 1oded ay) ur 4 s[qe) 0} S9j0U 0} IaJaYy

000°0 000°0 000°0 0000 000°0 0000 000°0 0000 000°0 o1Is1RIS 1 Jo onfea-d
66 T8¢ 68'€GE 9T°16% 1L 9¢'che 2T 'G8T 8]°L1¢€ 99'26% Gz'1gg  ousne)s Y1 dee -UeS19qIoTy]
0S6THT 0S67HT 0S6TFT VLESTT VLE]TT VLE]TT GLIZ0T GL1Z0T GL1Z0T SUOIYRATIS| ()
(€%0°0) (#%0°0) (9%0°0) (€%0°0) (¥%0°0) (e¥0°0) (670°0) (9%0°0) (670°0)
wsi VTR0 544680 wxxF8L0  55xGT8°0 sk TI8°0  55%8GL°0  sess¥6L°0  55508L°0  sxxFELO SuIm T,
a8e)g 1sa1q :D) [oued
¥1°0 L0°0 70°0 ¥1°0 L0°0 c0'0 €10 80°0 90°0 porenbg-y
0S677T 0S67F1 056711 VLESTT VLESTT VLE]TT GLIZ0T GLIZ0T GL1Z0T SUOIYRATIS( ()
(¥£0°0) (8€0°0) (0%0°0) (6£0°0) (9€0°0) (L£0°0) (870°0) (020°0) (1€0°0)
£090°0- 960°0- €70°0- «F90°0-  44GL0°0-  %F90°0- 920°0- L2070~ 890°0- IUL L GREE |
symsey Al :d [Pued
82L0 65T 759°0 LTT'T 8160 VL0 orey 10150
LIV'T G06°G z67'1 0L LIV'T €90'8 oryey ‘e 30 oIy
8T°0 zro 01°0 L1°0 110 01°0 L1°0 AN 110 porenbs-y
0S6THT 0S67HT 0S6TFT VLE8TT VLE]TT VLE]TT GLIZ0T GL1Z0T GLIZ0T SUOTYRATIS( ()
(200°0) (200°0) (200°0) (200°0) (200°0) (200°0) (£00°0) (£00°0) (£00°0)
*%*mwocu %**ﬁNﬂOu ***@ﬁﬁ@u ***ﬂ@@@u %**Mﬂﬂ@u *%*Nmﬁcu ***mw00| ***@NHOu *%*@ﬁﬂ@u %pﬂﬂh@h
symsey STO 'V [Pued
HZS+ H+ oseq HXS+ H+ oseq H2YS+ H+ oseq]
+¥ +¢ +z

(serryunoy) awoou] S[PPIN) AL Pue ‘spunog ‘ST :sejpewnsy A1unoy) Surdoad( TV (Rl

A28



10°0>d,,, ‘g0°0>d,, ‘T°0>d, 1oded ay) ur 4 s[qe) 0} S9j0U 0} IaJaYy

000°0 000°0 000°0 000°0 000°0 000°0 000°0 0000 000°0 o1ISIIRIS YT JO onfea-d
61669 63°€GL LTTEL TL769 9L°6L9 £8°079 0GTLG T0°8¥S 0G°€67  o1sTIe)s NI deeJ-ueSIoqIory]
G99%9¢ G99¥9¢ G99¥9¢ LVELYT LVELVT LVELYT T6LLCT T6LLGT T6LLGT SUOTRAIIS( ()
(££0°0) (2€0°0) (2€0°0) (2€0°0) (2€0°0) (2€0°0) (9€0°0) (L£0°0) (8¢0°0)
w54€L8°0 5280 5xx0L8°0  55xGES0 548080  54x9T80 54280  %4xC98°0  4%x9E8°0 SuIm J,
a8e)g 1sa1q :D) [oued
L1°0 80°0 200 8T°0 800 €00 L1°0 80°0 200 porenbg-y
G99%9¢ G99%9¢ G99%9¢ LVELTT LVELVT LVELYT T6LLCT T6LLGT T6LLGT SUOTRAIIS( ()
(220°0) (¥20°0) (L20°0) (¥20°0) (920°0) (820°0) (0£0°0) (1£0°0) (2€0°0)
Gg0°0- 120°0- 8T0°0- L€0°0- ¥20°0- 600°0- €200 71070 L20°0 I ORET |
symsey Al :d [Pued
G090 LTPT 0LG°0 VOT'T €260 8€6°0 onyey 150
9¢0°'T L'y 620'T 80¢'¥ AR VIV onyey ‘Te 10 MU0y
020 zro 80°0 120 e1T’o0 60°0 4l ST0 AN porenbs-y
G99%9¢ G99¥9¢ G99¥9¢ LVELYT LVELVT LVELYT T6LLCT 16LLGT T6LLGT SUOTRAIOS( ()
(200°0) (200°0) (200°0) (200°0) (200°0) (200°0) (200°0) (200°0) (200°0)
*%*wmocu %**ﬁ@@@u ***ﬂﬂﬁ@u ***DNOOu %**NHﬂOu *%*%Mﬁ@u ***M%OOu ***WNHO| *%*N@ﬂ@u %pﬂﬂh@h
synsay STO 'V [Pued
H2¥S+ H+ oseq H2yS+ H+ oseq H2yS+ H+ oseq
+¥ +¢ +z

(ser1punoy) awodu] Mo ) A pue ‘spunog ‘SO :serewnysy Anuno)) Surdopadd :0ZV °lqRL

A29



Table A21: Full Survey Countries and Years (DHS)

Survey Year

COUNTRY INCOME 1 2 3 4 5 6
Albania Middle 2008

Armenia Low 2000 2005 2010

Azerbaijan Middle 2006

Bangladesh Low 1994 1997 2000 2004 2007 2011
Benin Low 1996 2001 2006

Bolivia Middle 1994 1998 2003 2008
Brazil Middle 1991 1996

Burkina Faso Low 1993 1999 2003 2010
Burundi Low 2010

Cambodia Low 2000 2005 2010

Cameroon Middle 1991 1998 2004 2011
Central African Republic Low 1994

Chad Low 1997 2004

Colombia, Middle 1990 1995 2000 2005 2010
Comoros Low 1996

Congo Brazzaville Middle 2005 2011

Congo Democratic Republic Low 2007

Cote d Ivoire Low 1994 1998 2005 2012
Dominican Republic Middle 1991 1996 1999 2002 2007
Egypt Low 1992 1995 2000 2005 2008
Ethiopia Low 2000 2005 2011

Gabon Middle 2000 2012

Ghana Low 1993 1998 2003 2008
Guatemala, Middle 1995

Guinea Low 1999 2005

Guyana Middle 2005 2009

Haiti Low 1994 2000 2006 2012
Honduras Middle 2005 2011

India Low 1993 1999 2006

Indonesia Low 1991 1994 1997 2003 2007 2012
Jordan Middle 1990 1997 2002 2007
Kazakhstan Middle 1995 1999

Kenya Low 1993 1998 2003 2008
Kyrgyz Republic Low 1997

Lesotho Low 2004 2009

Liberia Low 2007

Madagascar Low 1992 1997 2004 2008
Malawi Low 1992 2000 2004 2010
Maldives Middle 2009

Mali Low 1996 2001 2006

Moldova Middle 2005

Morocco Middle 1992 2003

Mozambique Low 1997 2003 2011

Namibia Middle 1992 2000 2006
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Nepal Low 1996 2001 2006 2011

Nicaragua Low 1998 2001

Niger Low 1992 1998 2006
Nigeria Low 1990 1999 2003 2008
Pakistan Low 1991 2006

Paraguay Middle 1990

Peru Middle 1992 1996 2000
Philippines Middle 1993 1998 2003 2008
Rwanda Low 1992 2000 2005 2010
Sao Tome and Principe Middle 2008

Senegal Middle 1993 1997 2005 2010
Sierra Leone Low 2008

South Africa Middle 1998

Swaziland Middle 2006

Tanzania Low 1992 1996 1999 2004 2007 2010 2012
Togo Low 1998

Turkey Middle 1993 1998 2003
Uganda Low 1995 2000 2006 2011
Ukraine Middle 2007

Uzbekistan Middle 1996

Vietnam Low 1997 2002

Yemen Low 1991

Zambia Low 1992 1996 2002 2007
Zimbabwe Low 1994 1999 2005 2010
NOTES: Country income status is based upon World Bank classifications described

at  http://data.worldbank.org/about/country-classifications and available for download at
http://siteresources.worldbank.org/DATASTATISTICS/Resources/OGHIST .xls (consulted 1 April,
2014). Income status varies by country and time. Where a country’s status changed between DHS
waves only the most recent status is listed above. Middle refers to both lower-middle and upper-middle

income countries, while low refers just to those considered to be low-income economies.
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C Data Appendix

Additional data details are provided in two parts: the first (subsection C.1) describes the various databases
recording twin births and maternal health using in Part 1 of the paper. The second, (subsections C.2 and C.3)
describes the datasets which are used to produce main IV and OLS results of the QQ trade-off. These are
based on DHS and NHIS data described briefly in section 2 and further below. These data are downloaded
directly off the web and merged to form the estimation samples of interest. For DHS data, we use two surveys:
the Individual (woman) Recode (IR), and the Household Recode (HR) providing education for each household
member. For NHIS data, we merge three of the datafiles made available by the CDC: familyxx, household,
and person. In each case, full generating code for this process is made available on the authors’ websites. This
code downloads, merges and cleans DHS and NHIS data to produce the datasets (one line per child) used in
analysis.

C.1 Regressions of Twinning on Maternal Health

In regressions in Part 1 of the paper that examine the characterstics of mothers and the relationship these
characteristics and twin births and miscarriage, we consult a number of other datasets as described in the data
section of the paper. These are the following:

United States National Vital Statistics Birth Data

United States National Vital Statistics Foetal Death Data

Spanish Vital Statistics (INE)
e The Swedish Medical Birth Register

Longitudinal Early Life Survey, Chile (ELPI)
e The Avon Longitudinal Study of Parents and Children (ALSPAC)

In the case of the first 4 datasets (administrative records of births and/or fetal deaths), we use all recorded
instances for mothers aged 18-49, focusing on twins as our outcome variable of interest. The only exception
is the United States Vital Statistics data, in which case we observe Artificial Reproductive Technology (ART)
use, and remove the 1.6% of ART users from the estimation sample. Depending upon the data source, we
use all available measures of pre-determined maternal health stocks or family socioeconomic indicators. The
ELPI survey from Chile focuses on child early life, and records mother’s behaviours before, during and after
pregnancy, along with child birth outcomes. We use all children from the first wave of this survey to run
the twin regression included in table 1. Finally, for the ALSPAC survey follows mothers and their children
who were born in the early 1990’s in the county of Avon, UK. We use all mothers from the principal wave of
enrolled children.

C.2 The DHS

The DHS are a set of nationally representative surveys which have been administered in low- and middle-
income countries between 1985 and the present. Women aged between 15-49 in surveyed households respond
to an in-depth series of questions reporting their full fertility history (listing all surviving and non-surviving
children), their actual and desired contraceptive use and number of births, education level, marital status,
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plus the measurement of a number of health endowments such as height and body mass index. For all
other members living in the household, a shorter series of responses are recorded, including the individual’s
educational attainment.

This results in two distinct sets of data to be merged. One database contains one line for each birth reported
by every 15-49 year-old woman surveyed with a limited number of child-level covariates such as the child’s
date of birth, type of birth (single or multiple), and the child’s survival status. The other database contains
one line for each member currently living in the survey household. This database includes each member’s
educational status. We merge these two databases where all children who live in the same household as their
mother merge without loss. We are thus able to generate data for the educational attainment of each of a
woman’s children currently residing in the household as well as their mother’s health and educational status.
This database is selected in two ways: firstly it only contains children who have survived up until the survey
date, and secondly it only contains children who have remained living in the same household as their mother.
We drop from our sample children aged 18 and over, due to concerns that these will not be representative of
the general population.

We pool all publicly available DHS data resulting in microdata on 3,297,318 children ever-born to women
who responded fully to any DHS survey. A full list of the DHS countries and years of surveys which make
up this sample is provided in the online appendix (table A21). Of the 3,297,318 offspring reported in survey
data, 2,033,510 remain living in the same household as their mother. The majority of these 2,033,510 children
are aged 18 and under (92.96%) and hence make up our principal estimation sample (in future we will refer
to this as the ‘household sample’). The remaining 1,263,808 offspring were not recorded as living in the same
household as their mother. Of these children not in the household, and hence for whom education is not
recorded, the majority (53.9%) were aged over 18 or had died prior to the date of survey.!

C.3 The NHIS

The National Health Interview Survey (NHIS) is a yearly survey, conducted from 1957 and ongoing as at
2015, with participants drawn from each of the 50 US States as well as the District of Columbia each year.?
We pool all survey data from 2004 until 2014, resulting in data on 119,111 mothers and 227,213 children. We
focus on this period given that prior to 2004, changes in a number of key variables make it difficult to compare
between years, and post-1996 the survey was considerably revised.

Each set of surveys is collected at the level of the household. For our analysis we use all households which
consist of a biological mother and her children, whether or not any father is present. For all children who
remain in the household, the survey records total fertility. We infer twin status by assuming that all children
who share a birth month, birth year and biological mother must be twins. For each child and mother, we have
a number of measures of usage of health care along with a self-reported measure for health status, whether
or not the mother smokes, and the level of completed education (at the time of the survey) of mothers and
children. Once again, we subset to children aged below 18, and for education measures, children who are aged
above 6 years old, and hence who are able to be enrolled in school. Descriptive statistics of this and DHS data
are provided in section 2.

!Children aged under 18 who are alive but not living in the same household as their mother are statistically quite different to
those children who do remain in the household. In our data sample, they are on average 2.7 years older, born to less educated and
younger mothers, and are slightly more likely to be males.

2The NHIS has a survey design to oversample Hispanic and African American people. We use NHIS-specific probability weights
in all analyses.
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D Resampling and Simulation Based Estimation of v

D.1 Bootstrap Confidence Intervals

The methodology to estimate v in equations (10) and (12) is described in section 1.4 of the paper. In
the case of Conley et al.’s UCI approach, this estimate is then sufficient to produce bounds on 1, assuming
that: v € [0,29]. We scale 4 by the factor of 2 in order for this value to fall precisely in the middle of
the range. Conley et al. (2012) provide a similar example to calculate the returns to education using the
UCI approach. In the case of the more precise LTZ approach (our preferred method) the logic is similar,
however now we must form a prior over the entire distribution of 7. Calculating the variance of v is not as
straightforward as using the variance-covariance matrix corresponding to each of the estimates <;A5t and gﬁq. In
this case however we can use bootstrapping to calculate J replications of (;Aﬁt X ng, and from these estimates
construct an estimated distribution of 4, which allows us to determine our prior for the distribution of v. From
this empirical distribution, we observe the estimated mean and standard deviation, and finally test whether
the distribution is normal using a Shapiro Wilk test for normality. We also use Kolmogorov-Smirnov tests
for equality of distributions to test whether the distribution is more likely to be log normal, uniform, and a
number of other known analytical distributions. In order to do this, we first estimate the empirical distribution
as described previously. We then observe the mean [ and the standard deviation &, and run a one-sample
test to determine whether the observed empirical distribution is is significantly different to each analytical
distribution N(f1,62), U(f1,62) or In N (1, 52).

D.2 Simulation-Based Estimation for non-Normal Distributions

Estimates of the full distribution of v are presented in Figures 7a and 7b. These are the estimated 4; from
j€{l,...,100} bootstrap replications for « in Nigeria and the United States. In all cases, when the underlying
empirical distribution is tested for equality against the overlaid analytical distribution (uniform, normal, log
normal, x?), the normal distribution provides the best fit of the analytical with the empirical distribution.?

However, the underlying distribution appears to not be perfectly normal, and it appears doubtful that this
would be the case asymptotically. Fortunately, Conley et al. (2012) describe a simulation-based estimation
method to calculate v in the case of a non-normal distribution for v. We have followed this methodology using
the empirical distribution calculated bootstrapping for . This code has been publicly released as plausexog
for Stata (Clarke, 2014). The simulation-based estimation procedure is described fully in Conley et al. (2012)
p- 265 as a five step algorithm. The procedure consists of taking repeated draws from the variance-covariance
matrix estimated using IV with the plausibly exogenous instrument, and in each case adding to it a draw from
the distribution of ~, scaled by a quantity which depends on the strength of the instrument. Conley et al. refer
to the underlying distibution of v as F, and the scale parameter as A, where A = (X'Z(Z'2)"1Z'X)"1(X'Z).
These repeated draws then lead to a large number of estimates for 3, the parameter of interest, and a 95%
confidence interval is taken by forming [B — Cl_a/2; B+ Caj2); Where c are percentiles of the distribution of
simulated estimates.

Thus, as well as estimating the LTZ case where we assume that v is distributed ~ N (15, a%), we can estimate
a version fully utilizing the bootstrapped distribution of 4 described in the previous sub-section. In this case,
we use as F', the distribution of v, the empirically estimated distribution of «v. The simulation based algorithm
then consists of taking b € 1,..., B draws from the empirically estimated F', as well as B draws from the

3In the US, We cannot reject that + is normal with a p-value of 0.782. In this case, although we can’t reject that ~ is log
normal, the p-value is much lower, at 0.203. Values for Nigeria suggest a quantitatively similar result.
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variance-covariance matrix, and defining the 95% confidence interval based on the 2.5 and 97.5% quintiles of
the resulting simulated values for .
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