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Abstract

Explanations for gender differences in educational performance are gener-
ally sought in gender-biased environments and socialization. We investigate
whether biology, and specifically prenatal testosterone, can explain these dif-
ferences. Prenatal testosterone is elevated for individuals with a male co-twin
due to testosterone transfers in utero. Given that the sex of the co-twin is
determined randomly, this provides exogenous variation in prenatal testos-
terone. Administrative data on a large sample of Dutch twins is used. After
controlling for the effects of growing up with a same-sex or opposite-sex sib-
ling, we find null-effects for boys with a male co-twin on three measures of
educational performance (aggregate ability, reading and math). Girls with
a male co-twin score lower on math by 7% of a standard deviation. This is
mainly caused by more girls ending up in the bottom 10% of the math-score
distribution. No effects are found on a reading and aggregate ability score.
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1 Introduction

Gender differences in math and language test scores have been long known
and appear to be rather persistent. Generally, boys outperform girls in
mathematics (Fryer and Levitt, [2010; Bharadwaj et al.,[2015)), particularly
among children at the high end of the ability distribution
Swanson, 2009; [Stoet and Geary, |2013; |[Pope and Sydnor, [2010), but in
the reading domain girls outperform boys (Halpern et al., 2007; |Guisol
et al., 2008; Banda et al., 2010). These differences are important as they
may explain gender differences in educational and occupational choices in
adulthood (Buser et al., 2014; Banda et al., 2010; Ceci et al., 2009), as
well as gender-related earnings differentialg’| The existing literature has
shown that gender differences in math and reading ability arise from social
conditioning and gender-biased environments (Wilder and Powell, 1989;
Miller and Halpern, [2014)), yet little is known to what extent biological
factors are an important driver of these gender differences in test scores.
A role for biological factors in creating these gender-specific outcomes may
imply that we are currently over-estimating the role of any discriminatory
or gender-biased factors.

This paper explores the role of biology in explaining the gender gap in
math and reading test scores in childhood, and focuses in particular on the
role of prenatal testosterone. Prenatal testosterone induces the sexual dif-
ferentiation of the male fetus. In addition to influencing the development
of sexually dimorphic physical characteristics, exposure to prenatal testos-
terone is known to wire the brain with masculine behavioral patterns (i.e.
in preferences, personality, and temperament) (Jordan-Young} 2010). Evi-
dence from laboratory and field experiments indicates that women display
less aggressive behavior (e.g. Bettencourt and Miller| (1996)), act more risk
averse (e.g. [Eckel and Grossman| (2008); [Croson and Gneezy| (2009))), and
engage less in competitive activities (e.g. |Gneezy et al. (2003)); Niederle|
land Vesterlund| (2007); Buser| (2012b); (Ors et al| (2013)) than men. Little
is known to what extent these differences are explained by biology or so-
cialization, and to what extent they translate into gender-specific primary
school outcomes such as math and reading test scores.

In this paper, we exploit a natural experiment in twinning to identify
the biological contribution of prenatal testosterone exposure to gender dif-
ferences in test scores. Since it is impossible to directly measure and link
prenatal testosterone exposure to test score performance in primary school,
we exploit twin testosterone transfers (TTT) as an exogenous proxy. Be-
tween the eighth and twenty-fourth week of gestation male fetuses are
exposed to elevated levels of testosterone (Auyeung et al., 2013). As with
other litter-bearing mammals, among human twins this testosterone can

'For an overview of the literature, trends and explanations of the gender pay gap
consult [Blau and Kahn| (2000), and [Blau and Kahn| (2016).




transfer in significant concentrations from a male twin to his female uterus
mate. Previous studies using twin testosterone transfers (TTT) suggest
that females with a fraternal co-twin are more masculine in morphological
characteristics, behavior, and cognitive capabilities (Resnick et al., 1993;
Cohen-Bendahan et al.| [2004; [Peper et al., 2009} [Vuoksimaa et al.,[2010alJb;
Heil et al., 2011; Slutske et al., 2011). For males with a male co-twin no
increased masculine behavior or characteristics are found (Resnick et al.,
1993; Peper et al., 2009; Tapp et al., 2011} Cronqvist et al., 2015)). In this
paper, we argue that twinning is a plausible natural experiment to mea-
sure the effect of elevated prenatal testosterone concentrations on math
and reading test scores.

Earlier applications of twin testosterone transfers (TTT) to economic
outcomes are relatively scarce. A study by Gielen et al.|(2016)) investigates
the role of TTT to explain the gender wage gap, and finds higher earnings
for men with a male co-twin, but no effect for women. Another study
by |Cronqvist et al. (2015) focuses on financial decision-making, and finds
that females with a male co-twin take significantly more risk later in life
compared to females with a female co-twin. This paper is the first to
study the role of TTT in gender differences in educational performance.
We use Dutch administrative data from Statistics Netherlands where we
observe test-score data of nearly 76,416 twins born between 1993 and 2003,
of which 39,441 individuals can be matched to test-score records. These
data allow us to estimate the effect of having a male co-twin on math
and reading test scores in the final grade of primary education (i.e. at
approximately age twelve) in the years 2006 to 2014.

Our results suggest that prenatal testosterone does not affect perfor-
mance for boys (on an aggregate, reading and math score). However for
girls we find that prenatal testosterone decreases math scores by 7% of a
standard deviation, whereas null effects are found on an aggregate and a
reading score. This effect is likely driven by the fact that girls exposed
to higher levels of prenatal testosterone are 2.5% more likely to end up
in the bottom 10% of the math-score distribution. This result is counter-
intuitive as one would expect that girls with more prenatal testosterone
are more male-typical and hence would perform better at math. A po-
tential explanation is that girls with a male co-twin are more male-typical
in morphological characteristics and behavior which might interact nega-
tively with educational outcomes at age twelve.

The structure of this paper is as follows. The next section provides
background information on the gender gap in math and reading test scores,
and the potential role of prenatal testosterone. Section 3 outlines the
identification strategy, and the data and results are presented in sections
4 and 5. These are followed by a discussion (section 6) and conclusion
(section 7).



2 Prenatal testosterone and the gender math gap

Boys on average perform better at math than girls in a majority of coun-
tries (Fryer and Levitt, [2010; Banda et al., 2010; Bharadwaj et al., 2015}
OECD, [2015). The gap widens with age (Fryer and Levitt, [2010; Bharad-|
waj et al. [2015), and ability (Ellison and Swanson|, 2009; [Fryer and Levitt]
2010; [Pope and Sydnor], [2010; [Stoet and Geary}, [2013; (OECD), 2015)). [Elli-|
son and Swanson| (2009)). The math differential is reversed in the reading
domain, where girls generally outperform boys (Halpern et al., 2007} \Guiso|
let al., [2008; Banda et all) 2010). Apart from higher average performance
on math, and lower average performance on reading, boys are also known
to be more variable in performance (Halpern et al. 2007; Machin and|
Pekkarinen, 2008). The latter implies that boys are more often in both
the high and low ends of the performance distribution.

Gender differences in educational performance are attributed to ei-
ther (1) biological differences as discrepancies in brain development or
testosterone, or (2) gender differences in socialization, stereotypes, and
preferences (Wilder and Powell, 1989; Miller and Halpern| 2014). The
existing literature examines explanations for the latter channel, e.g.: dif-
ferences in the cultural dimension (Guiso et al. 2008} [Stoet and Geary,
2013), gender differences in competitiveness (Gneezy et al., [2003}; |Gneezyl|
and Rustichini, [2004; Niederle and Vesterlund], 2007; [Croson and Gneezyl,
2009|; |Flory et al.|, |2010|; |Niederle and VesterlundL |2010|; |Buser|, |2012b|; |Ors|
et al), 2013), stereotype threat (e.g. [Spencer et al| (1999);[Stoet and Geary
(2012)); Nollenberger et al| (2014)), and gender biased environments (Fryer
land Levitt, 2010} Bharadwaj et al. [2015). Little is known about biological
determinants of gender differences in educational performance.

It is well known that the early life environment is important for the
development of a child’s cognitive capacities (e.g. |Carneiro and Heck-
man| (2003); Knudsen et al.| (2006]); Heckman| (2008); |Currie and Almond
(2011))). The pre-birth environment plays a big role alongside the post-
birth environment. The fetal origins hypothesis asserts that the prenatal
period is of crucial importance for both the cognitive development and
the health of the child. The fetus is very sensitive to -amongst others-
smoking during pregnancy, maternal malnutrition, and maternal stress,
and these factors can have large impacts long after birth (e.g.
land Currie| (2011); [Scholte et al| (2015)). This paper will consider the
impact of a prenatal hormonal factor in influencing cognitive capacities:
prenatal testosterone.

2.1 The role of prenatal testosterone

We examine the role of prenatal factors, and specifically prenatal testos-
terone, in determining gender differences in educational performance. Testos-



terone is the main androgen causing sexual differentiation of the male fetus.
Males experience three periods of elevated testosterone exposure, whereas
female testosterone levels remain rather constant over the life-cycle. These
critical periods are between the eighth and twenty-fourth week of gesta-
tion (prenatal testosterone surge which causes sexual differentiation of the
fetus), three to four months after birth, and in puberty Auyeung et al.
@013,

Prenatal testosterone production starts at around the seventh and
eighth week of gestation and continuous until approximately week twenty-
four. Prenatal testosterone is responsible for the development of the testes
(Tapp et all |2011)), but this period of gonadal development would also be
critical for the development of the fetal brain (Van de Beek et al.| |2004[)E|
Prenatal testosterone would wire the brain with masculine behavioral pat-
terns (i.e. in preferences, personality, and temperament) (Jordan-Young;,
. The female fetus is exposed to much lower levels of prenatal testos-
terone (Tapp et al., 2011; Auyeung et al. 2013]).

2.1.1 Proxies for prenatal testosterone

The best measure for prenatal testosterone is fetal serum, which is un-
feasible due to the risks associated with its collection Other proxies, like
maternal serum testosterone, umbilical cord serum, and amniotic fluid con-
centrations all have their own disadvantages (Van de Beek et all [2004).
Earlier studies used medical conditions and 2D:4D digit ratios as proxies
for prenatal testosterone. Clinical studies examine the effects of prena-
tal testosterone exposure on cognitive ability by studying women subject
to congenital adrenal hyperplasia (CAH). Females with this condition are
prenatally exposed to high levels of androgens (Speiser and Whitel [2003).
To illustrate, women diagnosed with CAH are found to perform better on
spatial tasks than control women (Puts et al., 2008)). Disadvantages of us-
ing clinical samples are the usually small sample size, and limited external
validity (Baron-Cohen et al., |2004).

The 2D:4D ratio (the ratio of the index to the ring finger) is regarded as
a (noisy) marker for prenatal testosterone (Cohen-Bendahan et al., 2005).
The ratio is sexually dimorphic as it is, on average, lower for men than
for women (Lutchmaya et al. 2004; [Medland et al., [2008). Elevated fe-
tal testosterone levels are associated with lower 2D:4D ratios
2004), and girls diagnosed with CAH are found to have lower 2D:4D
ratios (Puts et all, [2008).

Lower 2D:4D ratios would be associated with lower risk-averseness
(Dreber and Hoffman| 2007; |Coates et al. |2009; Garbarino et al., 2011),
aggressiveness and increased sensation-seeking (Hampson et al. 2008)),

2Sexual differentiation of the brain is said to take place between the 14th and 19th
week of gestation (Baron-Cohen et al., [2004)).




more male-typical preferences in occupational choices for women (Nye and

2015)), social preferences 2012a)), better performance in sports
(Manning and Taylor} [2001)), and an elevated physical fitness (Honekopp
et al., 2007). Lower 2D:4D ratios are positively correlated with perfor-

mance on mental rotation tasks (Manning and Taylor} 2001), whereas this
relationship is not confirmed by |Austin et al.| (2002)) and |Coolican and
(2003). The 2D:4D ratio is considered as a proxy for prenatal
testosterone, although it is considered a noisy biomarker as digit ratios
would be more correlated with ethnicity than with sex (Cohen-Bendahan|

ot L, 200).

2.1.2 Twin testosterone transfers

Recently prenatal testosterone exposure is studied using twins. Individuals
with a male co-twin would be exposed to high levels of prenatal androgens.
This can be exploited as a natural experiment -given that the sex of the co-
twin is random (Tapp et al.2011). The transferring of testosterone across
amniotic membranes during gestation is better known as twin testosterone
transfers (TTT). Babies with a male co-twin would be exposed to higher
levels of prenatal androgens during gestation through in-utero testosterone
transfers.

The existence of twin testosterone transfers was first documented in
animal-studies, where female rodents with a position near their brothers
in the womb would display more male-typical behavior (for an overview
see |(Cohen-Bendahan et al. (2005))). The existence of a similar channel
for humans is documented by Miller| (1994). Direct testing of twin testos-
terone transfers is very difficult. Animal studies (i.e. with rodents) allow
for a direct manipulation of prenatal testosterone levels, which is uneth-
ical for humans (Cohen-Bendahan et all [2005). Twin studies show that
females with a male co-twin have a more masculine brain structure (Cohen-|
Bendahan et al., 2004) and volume (Peper et al. [2009)), are more likely
to be right-handed which is an indicator of high exposure to testosterone
(Vuoksimaa et al., 2010al), do better at mental rotation tasks than females
with a female co-twin (Vuoksimaa et all, 2010b; Heil et al [2011), and are
more sensation-seeking (Resnick et all [1993; [Slutske et al. [2011]). Stud-
ies investigating digit ratios in relationship to twin testosterone transfers
found lower 2D:4D ratios for opposite sex twin females (van Anders et al.|
2006; [Voracek and Dressler, 2007)), although this result is not confirmed
by Medland et al.| (2008).

Some studies fail to find effects for males with a male co-twin even
though these males should also be exposed to higher levels of prenatal
testosterone (Resnick et al., [1993; Peper et al., |2009; |Tapp et al., 2011}
(Crongvist et al., [2015)). [Tapp et al| (2011) argue that the effect is likely
less obvious for males, as males themselves are already exposed to relatively




high levels of prenatal testosterone.

We use twin testosterone transfers as a proxy for fetal testosterone.
There are two earlier applications of TTT within economics. |Gielen et al.
(2016)) use TTT to examine the influence of testosterone on the gender
wage gap. Although positive effects of prenatal testosterone exposure
are found for men, prenatal testosterone is not associated with increased
earnings for women. (Cronqvist et al.| (2015) use TTT to explain gender
differences in financial decision making and find that higher exposure to
prenatal testosterone can explain masculinization of investing behavior,
implying that females with a fraternal male co-twin undertake more risky
investments. This is the first application of TTT to gender differences in
educational performance.

3 Empirical strategy

This paper exploits twinning to examine the effects of prenatal testos-
terone on test scores. An individual with a male co-twin is exposed to
higher concentrations of fetal testosterone due to testosterone transfers.
Three assumptions must hold for establishing the causal effect of prenatal
testosterone on test scores, namely: (1) there are testosterone transfers
from a male fetus to the neighboring fetus, (2) the distribution of sexes is
random among twin pairs, and (3) there are no confounding factors related
to opposite sex twinning which can affect educational outcomes of children
via other routes than testosterone transfers.

Direct tests of the first assumption in humans are not available to our
knowledge. However, direct testing on animals showed that in-utero testos-
terone transfer exist (see Cohen-Bendahan et al. (2005)) for an overview).
The channel was extended to humans by Miller| (1994), and ever since
has been supported by indirect evidence linking twinning to testosterone
transfers. Multiple studies report increased masculine morphological, cog-
nitive and behavioral characteristics for women with a fraternal male co-
twin (Resnick et al. [1993; Cohen-Bendahan et al.,[2004; Peper et al., [2009;
Vuoksimaa et al., [2010a,b; Heil et al., [2011} [Slutske et al., 2011). No effects
of prenatal testosterone are found for males with a male co-twin, possibly
due to their already high exposure to prenatal testosterone (Resnick et al.,
1993; Peper et al., |2009; Tapp et al., 2011; |Cronqvist et al., |2015)). Tapp
et al. (2011) conclude that the evidence on TTT is incomplete, but it is
sufficient to authorize further investigations.

The second identifying assumption is that the distribution of sexes is
random among twin pairs. Implying that whether an individual has a twin-
brother or sister is randomly determined and not influenced by confounders
that can also influence the outcome variables. T'wins can be monozygotic,
when one fertilized egg splits into two fetuses, or dizygotic, when two



fertilized eggs develop into fetuses. Monozygotic (identical) twin pairs are
always same-sex, whereas dizygotic (fraternal) twins can be same-sex or
opposite-sex.

The sex of a child is depending on whether the male’s fertilizing sper-
matozoon carries an X or a Y chromosome, which is regarded as random.
Despite it, human sex ratiosﬂ are weighted towards boys as it is 105.9 for
singletons and 103.2 for twins. Several theories for the discrepancy in sex
rates between singletons and twins include differences in gonadotrophin
levels (hormone responsible for reproductive functioning) at time of con-
ception, higher mortality for male fetuses in twin pairs, and differences by
race (Fellman and Eriksson, |2010)

Identical twins generally have lower sex ratios than fraternal twinsﬂ
which is due to an anomaly which is inherent in X-chromosomes which
makes them more likely to divide, and hence form a identical twin pair.
On the contrary, fraternal twins are more likely to be male, which is likely
due to higher maternal levels of steroid hormones (testosterone and es-
trogen) at conception (James| [2010)). Maternal serum testosterone levels
are not a good proxy for actual prenatal testosterone (Van de Beek et al.,
2004; |Cohen-Bendahan et al., |2005), which might suggest that maternal
testosterone does not affect prenatal testosterone. If maternal and fetal
testosterone levels interact it would only strengthen the identification as
individuals with a male co-twin would be exposed to even higher levels of
prenatal testosterone (Gielen et al., 2016)).

Thirdly, the sex of the co-twin cannot be related to educational out-
comes through ways other than testosterone transfers. This assumption is
likely violated as growing up with a brother is different from growing up
with a sister, and the sibling’s gender may eventually affect educational
outcomes. Comparing the educational outcomes of a twin with a male
uterus mate and a twin with a female uterus mate will measure the effect
of prenatal testosterone, but additionally the effect of growing up with a
same-sex or opposite-sex sibling. To isolate the effect of prenatal testos-
terone a control group of closely spaced singletons (CSS) is usedﬂ The
effect of prenatal testosterone is isolated if sibling socialization is similar
for twins and this group of CSS.

This control group allows us to disentangle the effect of prenatal testos-
terone from the combined effect of prenatal testosterone and socialization,
but it also imposes two extra assumptions on the identification strategy.
First, socialization must be similar for twins and closely spaced singletons
(CSS). The close spacing of the control group makes sure that it is likely
that siblings born very near each other experience similar environments.

3Sex ratios represent the number of boys born for every one hundred girls.

4Gielen et al[(2016)) find a sex ratio of 94.2 using data from [James| (2010).

®This approach is suggested by |(Cohen-Bendahan et al.|(2005) and [Tapp et al.| (2011)
and employed by |Gielen et al.| (2016).



Hence interactions are likely more twin-like than for regular siblings (who
are born more than twelve months apart). We execute a robustness check
to assert that this concern does not affect our results.

Second, the child’s level of prenatal testosterone must be independent
of whether the child has a closely spaced brother or sister. We know
that prenatal testosterone in male singletons declines with birth order
(as measured by umbilical cord serum) when spacing between children
is less than four years (Maccoby et al., [1979; [Baron-Cohen et al., 2004).
This implies that it might be that within a closely spaced singleton pair,
especially the male child might have experienced lower levels of prenatal
testosterone. We estimate the model using only first-borns to assert that
this potential concern does not play a role.

Another assumption we need to make is that socialization is similar
for identical and fraternal twins as we cannot distinguish zygosity. This
brings us to the equal environments assumption, which states that there
are no systematic differences in the upbringing environments of identical
and fraternal twins (Gielen et al., 2016). We assume that there are no
differences in the upbringing environments of identical and fraternal twins
that can affect educational outcomes at age 12. Obviously, there might
be differences between identical and fraternal twins, especially as identical
twins share 100% of their genetic material, whereas this is approximately
50% for fraternal twins. However, the EEA is not violated in several areas
(Matheny et al.l 1976; Scarr and Carter-Saltzman, [1979; Kendler et al.,
1994; Hettema et al., [1995; [Eriksson et al., |2006; [LoParo and Waldman),
2014)), and most importantly for spatial ability Derks et al.| (2006).

A last assumption we have to make is that factors that determine
whether a child is in a twin-pair or in a closely spaced singleton pair
are unrelated to educational outcomes. This assumption is likely violated
as twins and closely spaced singletons are born into different families,
which are likely not random draws from the population. A rich set of
control variables is used to take into account these differences. We apply
propensity score matching to make the sample of twins and CSS more
comparable. A more detailed explanation of the respective differences and
used controls can be found in section 4.3.

Specification (1) is estimated for a sample of twins and closely spaced
singletons, for different outcome variables (y;), and is used to identify the
effect of TTT. The outcome variables are an aggregate test-score, and
sub-scores in the domains of math and reading. Equation (1) contains a
female indicator, an indicator for being part of a twin-pair, an indicator for
being part of an opposite-sex sibling pair, and their respective interactions.
Vector X; contains control variables, and u; is the individual-specific error



term. Standard errors are clustered on the maternal identification number.

yi = Bo + B1female; + B205;+
Bstwin; + Ba( female;OS;) + Ps(twin; female;)+ (1)
Be(twin;OS;) + B7(female;OS; Twin;) + X0 + u;

For a boy the effect of having a twin brother is captured by —f82 —
B¢, and the socialization effect of having a brother is captured by —ps.
Implying that the effect of TTT for males is shown by —Sg. For girls the
effect of having a male twin are captured by B2 4+ 84 + B¢ + 57, and the
socialization effect of having a brother is entailed in 82 4+ 4. The effect of
TTT for girls is B¢ + B7.

4 Data

4.1 Dutch twins

Dutch administrative date is obtained from Statistics Netherlands[f In-
dividuals can be matched across datasets with a Random Identification
Number (RIN). The Parent-Child data is used, which matches children to
any parent alive between 1995 and 2015, to compile a dataset of Dutch
twins. It contains information on 15,860,240 individuals. We drop still-
births (n = 22,290) and individuals with missing RIN (n = 547, 350).

Table 1: Frequency of family structures in 2015 GBA

Family type Frequency Percent
Only child 214,509 9.16
Singleton (closest sibling > 12 months) 2,020,799 86.29
Singleton (closest sibling < 12 months) 27,628 1.18
Twin 76,416 3.26
Higher order multiple 2,462 0.11
Total 2,341,814  100.00

Notes: Frequency of family structures for individuals born 1993-
2003 (this is the time-period in which children are born for whom we
observe educational outcomes), whose mother can be identified in
the data, and who have less than 15 siblings through either parent.

This data is supplemented with demographic characteristics from the
Municipal Population dataset (Gemeentelijke Basisadministratie). It con-
tains information on the individuals’ year and month of birth, the parents’
year and month of birth, sex, country of origin. We identify closely spaced

SStatistics Netherlands provides non-public microdata which can be accessed remote-
access after signing a confidentiality agreement.



singletons as siblings whose birth dates are at most 12 months apart. In-
dividuals with more than 15 siblings through either parent are dropped
from the sample (n = 2,090).

The distribution of family structures for the remaining sample is shown
in Table 1. The twinning probability (3.26%) is consistent with the inci-
dence of twinning in the Netherlands between 1993 and 2004 (3.39%)]]
Children without siblings, with siblings born outside the 12 month range,
and higher order multiples are dropped from the sample, which leaves a
sample of twins and CSS.

Sibling pairs in the remaining sample are identified as same-sex or
opposite-sex siblings. We drop individual cases if it is difficult to determine
the sex composition, e.g. when there are three CSS in one family (small
fraction of 4.5%). Closely spaced singletons whose birth dates are within
7 months are dropped from the sample (n = 17,462). The distribution of
twins and CSS by gender composition is shown in Table 2E|

Table 2: Twins and closely spaced singletons

Observed in Observed in
GBA Test Score Data

Frequency Percent Frequency Percent
Females
OS Twin 13,626 13.4 7,608 14.9
SS Twin 24,222 23.7 12,601 24.7
OS CSS 6,457 6.3 2,995 5.9
SS CSS 6,015 5.9 2,839 5.6
Males
OS Twin 13,626 13.4 7,193 14.1
SS Twin 24,942 24.4 12,039 23.6
OS CSS 6,415 6.3 2,805 5.5
SS CSS 6,730 6.6 2,886 5.7
Total 102,033 100.00 50,966 100.00

Notes: The first column shows the distribution of opposite-
sex and same-sex pairs in the GBA (1993-2003). The second
panel shows the same distributions for the test score data.

" Authors’ calculations based on birth figures available (online) at Statistics Nether-
lands. This number is upward biased as it does not take into account stillbirths.

8The twins-sample contains 65.7% same-sex and 34.3% opposite-sex pairs born from
1993 to 2003. The number of dizygotic twins can be approximated as twice the number
of opposite-sex twins according to Weinberg’s differential method (for empirical tests see
Vlietinck et al| (1988]) and [Fellman and Eriksson| (2006)), implying that approximately
68.6% of the twins in our sample are dizygotic.
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4.2 Educational outcomes

Data on primary school test-scores is also provided by Statistics Nether-
lands. The data contains information on a standardized test performed in
the eight and final grade of elementary education (Cito-test). We use data
for the years 2006 to 2014E|7 which is available for individuals attending
schools who gave permission to transfer test-scores to Statistics Nether-
lands. Children without identification number, and whose monther’s age
at birth is missing (n = 62,293) are dropped from the sample. The latest
score is preserved for children having multiple test-score records in the
data. When we merge the test-score data with the demographics a sample
containing 50, 966 individuals remains.

The standardized test incorporates language, math, information pro-
cessing, and world orientation. The latter is optional and hence not com-
pleted by all children. The scores on the remaining parts are translated
in an aggregated score ranging between 501 and 550. The aggregate score
is standardized for interpretation purposes. We use Z-scores for math and
reading (which are standardized by year).

4.3 Descriptive statistics

Twins and closely spaced singletons are likely born into different families,
which is shown in Table 3. This table also clearly shows that twins and
CSS are different from the full population.

Twins are born to older mothers, as twinning probabilities increase
with maternal age (Rosenzweig and Wolpin, [1980a} Bronars and Grogger,
1994; [Jacobsen et al., 1999)), the use of artificial reproductive technolo-
gies (ART) (Bhalotra et all [2016), and parity (Rosenzweig and Wolpin,
1980aub)). This also explains that twins have a lower birth order on average.
Twins are more often born into 2-parent households, and these households
have a higher earnings capacity as measured by household income and the
labor market status of the mother [

The age at taking the test is higher, on average, for twins and CSS as
compared to the full population. Twin pregnancies are considered risky,
and it is not uncommon for twins to be born after shorter gestation than
singletons (Almond et al.; 2005; Bhalotra et al.l [2016). Shorter gestational
duration can disadvantage twins throughout their life which might result
in a higher age at the time of taking the test. CSS are likely born in low

9Test scores for 2015 are available but are not used as the set-up of the test changed
in 2015.

OHousehold income is measured in the year the child turns four. Income information
is available from 1999, implying that we have this information for all children born after
1994. Household income is compiled using income from employment and income from
self-employment. Household income is the sum of the earnings of both parents in a
particular year (age at birth or age at birth plus four) and is corrected for inflation.
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socio-economic status families which can explain their higher average age
at taking the test.

Table 3: Descriptive statistics

Female twins and closely spaced singletons
OS Twin SS Twin OS CSS SS CSS All females Twin -

(1) (2) (3) (4) (5) CSS 1-2 34
Variable Def. n="7,608 n=12,601 n=2,995 n=2,839 n=641,882
Total score Std -0.0883 -0.0553 -0.238 -0.253 -0.009 ok oK
Language Std 0.0569 0.0655 -0.128 -0.147 0.124 roxok
Math Std -0.236 -0.178 -0.299 -0.304 -0.157 ok ok
Age Months 12.048 12.048 12.073 12.092 11.982 ok
Birth order 1.735 1.743 2.106 2.130 1.806 roxk
Spacing 0 0 11.483 11.490 ok
Nonnative 1 0.158 0.166 0.382 0.421 0.211 roAk Hokk
Family size Via mother 2.986 3.058 3.475 3.593 2.601 Hokx HokE ARk
Mother’s age At birth 31.991 31.356 28.949 28.374 30.529 roxok R Rk
Father’s age At birth 34.632 33.935 32.406 32.091 33.313 ok o Hok
Mother in DI I(in DI) 0.0201 0.0162 0.0190 0.0155 0.0129 *ox
HH-type 2-parent 85.66 85.52 80.63 79.36 84.81 ok
1-parent 13.93 13.88 17.93 19.20 14.75
Other 0.29 0.49 1.20 1.34 0.33
Missing 0.12 0.11 0.23 0.11 0.11
n=6,552 n=10,660 n=2,613 n=2,314 n=543,672
HH-income* Child=4 44,023.21 43,014.93 32,906.84  31,706.77 41,144.33 ok *
Mother* I(works) 0.634 0.635 0.476 0.471 0.635 ok
working
Male twins and closely spaced singletons
OS Twin SS Twin 0OS CSS SS CSS All males Twin-
(1) (2) (3) (4) (5) CSS 1-2 34
Variable Def. n="7,193 n=12,039 n=2,805 n=2,886 n=636,303
Total score Std 0.0419 0.0373 -0.188 -0.189 0.0393 roxk
Language Std -0.0708 -0.0775 -0.356 -0.351 -0.0792 ok
Math Std 0.174 0.185 0.0706 0.0735 0.185 roxk
Age In months 12.067 12.108 12.125 12.114 12.037 ok oAk
Birth order 1.730 1.756 2.138 2.137 1.805 roxok *
Spacing 0 0 11.481 11.490 Ak
Nonnative I 0.158 0.173 0.397 0.372 0.210 ok oAk *
Family size Via mother 2.974 3.068 3.491 3.519 2.597 roxk Hoxk
Mother’s age At birth 32.008 31.497 28.920 28.702 30.568 Hokx Hkx
Father’s age At birth 34.637 34.065 32.395 32.400 33.309 roxk ok
Mother in DI I(in DI) 0.0196 0.0161 0.0175 0.0144 0.0121 * *
HH-type 2-parent 85.97 85.98 80.46 79.49 85.18 roxok
1-parent 13.69 13.53 17.83 19.44 14.41
Other 0.22 0.37 1.50 1.04 0.30
Missing 0.11 0.12 0.21 0.03 0.11
n=6,147 n=10,151 n=2,315 n=2417 n=>535,643
HH-income* Child=4 44,973.46 43,344.22 32,484.99  33,062.50 41,610.28 roAk
Mother* I(works) 0.642 0.646 0.475 0.492 0.641 HoHk
working

* Lower number of observations as data is available for children born after 1994.
™ Notes: The reported means are presented for the sample which is discussed in more detail in section three.
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Holding gender constant, there are not many significant differences in
test scores between opposite-sex and same-sex siblings. However, females
in opposite-sex twin pairs score significantly lower at math and the aggre-
gate score as opposed to same-sex twin girls. This is suggestive evidence
for TTT affecting girls’ math and aggregate score negatively. This sim-
ple comparison neglects potential socialization effects causing educational
differentiation. We need the control sample of closely spaced singletons to
say more about the effects of prenatal testosterone.

There are other significant differences between opposite-sex and same-
sex siblings pairs. Opposite-sex sibling pairs generally have smaller fam-
ilies, and older parents at giving birth. This could hint at a parental
preference for children of mixed genders (e.g. |Angrist and Evans| (1998)).

Table 4: Gender gaps in test performance

All Sample

Boys Girls A Boys Girls A
Score n=636,303 n=641, 882 n=24,923 n=26,043
Total 0.039 -0.009 0.05%** -0.013 -0.107 0.09%**
Reading -0.079 0.124 -0.20%** -0.138 0.018 -0.16%**
Math 0.185 -0.157 0.347%%* 0.156 -0.223 0.38%#*

Twins CSS

Boys Girls A Boys Girls A
Score n=19,232 n=20, 209 n=>5, 691 n=>5, 834
Total 0.039 -0.068 0.11%%* -0.188 -0.245 0.06%**
Reading -0.075 0.062 0.14%** -0.353 -0.137 -0.22%**
Math 0.181 -0.200 0.38%** 0.072 -0.301 -0.37***

Notes: The complete sample entails all children for whom a test score is observed and
gender can be identified between 2006 and 2014. The reported sample is discussed
in more detail in section three. Test scores are standardized with mean zero and
standard deviation one.

Boys (on average) outperform girls in the math-domain, whereas girls
outperform boys in the reading-domain (see e.g. |Guiso et al.| (2008)); Fryer
and Levitt| (2010); OECD) (2015))). The gender performance gaps observed
for the studied sample confirm the pattern found in the literature (Table
4). Boys perform significantly better at math, and girls perform signifi-
cantly better at reading. Gender differences in educational performance
are visible for the full sample, but also the sub-samples of twins and closely
spaced singletons. They are slightly more pronounced in twins.
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5 Results

The results are shown in Table 5 (aggregate score) and Table 6 (reading
and math). Five specifications are shown which differ in the inclusion of
controls. Controls for the earnings capacity of the household are available
for a limited sample only. The base specifications are estimated for this
smaller sample in specification three and four.

Table 5 shows the results for the (standardized) aggregate score as
outcome variable. The twin coefficient is positive and significant in spec-
ifications without controls, and becomes smaller and insignificant when
controls are added. This clearly shows that twins and CSS are born into
different families. The female indicator shows that girls perform signifi-
cantly lower on this aggregate scores than boys (by approximately 7% of
a standard deviation).

Table 5: Pooled estimation results (part I)

Aggregate Cito-score (scale: 501-550)

(1) ) (3) (4) (5)
Twin 0.226**  -0.00620  0.220"%*  -0.00180  -0.00665
(0.025) (0.021) (0.026)  (0.023) (0.023)
0S 0.000642  0.0104  -0.00605  0.00411  0.00531
(0.030) (0.025) (0.032)  (0.027) (0.027)
Female -0.0641%*%  -0.0677*¥*  -0.0651*%  -0.0687**  -0.0672%*
(0.032) (0.026) (0.034)  (0.028) (0.028)
Twin*Female -0.0285 -0.0406  -0.0394  -0.0398  -0.0390
(0.035) (0.029) (0.038)  (0.031) (0.031)
OS*Female 0.0139 -0.0271 0.0153  -0.0168  -0.0177
(0.039) (0.033) (0.042)  (0.036) (0.036)
Twin*OS 0.00397  -0.0404  -0.0198  -0.0466  -0.0467

(0.034) (0.028) (0.036)  (0.031) (0.030)
Twin*OS*Female  -0.0515  -0.00416  -0.0336  -0.00517  -0.00471
(0.044) (0.037) (0.047)  (0.040) (0.040)

Dinaie -0.00397 0.0404 0.0198 0.0466 0.0467
(0.034) (0.028) (0.036) (0.031) (0.030)
Dyemaie™ -0.0476 -0.0445 -0.0534 -0.0517* -0.0514*
(0.034) (0.028) (0.036) (0.030) (0.030)
N 50,966 50,966 43,069 43,069 43,069
Controls No Yes No Yes Yes
Income controls No No No No Yes

" Adds the coefficients of Twin*OS and TwinxOS*Female, equivalent to B+ (7.

! Estimated using OLS. The set of controls includes age, age squared, family size,
birth order dummies, maternal age at birth, a non-native indicator, test-year
dummies, household type dummies, indicator of whether the mother was in DI
in the year of giving birth, and a control for the mean Cito-score at the school
the child is attending in a given year. The additional household income controls
contain a control for household income in the year the child turns four, and an
indicator that the mother is working in this same year.

2% p < 0.10, ¥* p < 0.05, *** p < 0.01. Standard errors are clustered on maternal
ID and are in parentheses.
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The effects of twin testosterone transfers for boys (D,,qe) and for girls
(D female) are not significantly different from zero. If anything, the effect
for females is negative and females with a male uterus-mate would perform
about 5% of a standard deviation lower on the aggregate score, when
controlling for the socialization effect of growing up with a brother.

The findings for the reading and math sub-score are shown in respec-
tively the left and right panel of Table 6. The twin coefficient shows that
twins are different from CSS and that including controls removes these
differences. Women have a significant advantage in reading (by 2% of a
standard deviation), whereas boys have an advantage in the math-domain
(by about 4% of a standard deviation). The coefficients of interest: D, qic
and Djfemale are not significant for reading. However, girls with a male
twin perform significantly worse on math by 7% of a standard deviation,
even after controlling for socialization ||

This finding can be considered counterintuitive. One would expect that
if boys have more prenatal testosterone than girls, and if girls with a twin
brother are exposed to higher concentrations of prenatal testosterone, girls
with a twin brother would show more male-typical performance patterns.
Extrapolating this would lead to improved math performance and worse
reading performance. We do not find support for the hypothesis that pre-
natal testosterone improves math performance or worsens language per-
formance for girls. We also do not find improved math scores or lower
language scores for boys. Hence we do not find evidence that prenatal
testosterone amplifies (average) gender-specific differences.

Previous research also shows gender differences in test-score distribu-
tions (Halpern et al., 2007; Machin and Pekkarinen|, 2008)). Table A3, A4,
and A5 show the results for re-estimating the models with indicators for
scoring in the bottom 10%, bottom 25%, top 50%, top 25%, and top 10%
in the three test-scores as outcome variablesE Girls exposed to higher
levels of prenatal testosterone are 3.7% and 3.1% less likely to score in the
top 50% for respectively the aggregate and math score. Males exposed to
higher concentrations of prenatal testosterone are 1.9% less likely to score
in the bottom 10% for both the aggregate and math score. Additionally,
girls exposed to higher prenatal testosterone concentrations are 2.5% more
likely to score in the bottom 10% of the math test-score distribution. The
results on girls’ average math performance might be driven by more girls
scoring in the bottom 10%.

"Table Al and Table A2 show that the results are robust to estimating the models
separately for boys and girls.

12Coefficients are not different from the OLS estimates when estimated with quantile
regression (full set of controls) as shown in Figure Al, A2, and A3.
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5.1 Robustness checks
5.1.1 Different groups

A potential concern for our identification might be that maternal levels of
testosterone are lower if spacing between children is less than four years
(Maccoby et al., 1979} [Baron-Cohen et al.,[2004). We address this issue by
restricting the sample to first born children. The results are shown in Table
7 and 8, the baseline model specification includes all control variables. The
coefficient estimates are similar, especially the double difference estimate
for females. The latter effect is not significant in these specification, which
is likely due to less precision because the number of observations halved.

CSS have birth dates which are at most 12 months apart, therefore
interactions are expected to be more twin-like than for regular siblings. We
extend this difference to eighteen months (Table 7 and 8). An advantage
is the increase in observations which increases the precision of estimates, a
disadvantage is that interactions between these siblings are less twin-like,
which makes them a less suitable control group.

Table 7: Robustness to using different groups (part I)

Aggregate score (std)

(1) (2) 3)
Baseline  First born CSS 18 months
Twin -0.00665 0.0159 -0.0722%**
(0.023) (0.036) (0.012)
OS 0.00531 -0.0158 0.0189**
(0.027) (0.046) (0.008)
Female -0.0672** -0.0422 -0.0483***
(0.028) (0.045) (0.008)
Twin*Female -0.0390 -0.0541 -0.0598***
(0.031) (0.049) (0.016)
OS*Female -0.0177 -0.00120 -0.0363***
(0.036) (0.063) (0.011)
Twin*OS -0.0467 -0.0330 -0.0628***
(0.030) (0.050) (0.017)
Twin*OS*Female  -0.00471 -0.0246 0.0159
(0.040) (0.068) (0.022)
Dinaies 0.0467 0.0330 0.0628***
(0.030) (0.050) (0.022)
Dyemaies -0.0514* -0.0578 -0.0469***
(0.030) (0.048) (0.016)
N 43,069 19,576 132,650
Controls Y Y Y
Income controls Y Y Y

* Adds the coefficients of Twin * OS and Twin x OS % Female, equiv-

alent to e + B7.

1 Estimated using OLS. A description of the set of controls is to be

found in Table 5.

2% p < 0.10, ** p < 0.05, *** p < 0.01. Standard errors are clustered
on maternal ID and are in parentheses.
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The double difference estimates for females are very robust to using
different bandwidths. The effects the aggregate score are approximately
-5% of a standard deviation, for language they are -2% of a standard
deviation, and for math they are between -6% and -7% of a standard
deviation. The larger the difference the more significant findings are which
is due to the larger number of observations that increases the precision of
the estimates. The double difference estimates for males are less robust.
For math they are quite constant at 5% of a standard deviation, whereas
they range between 5% to 7%, and 4% and 7% of a standard deviation for
the aggregate and language score respectively.

The opposite-sex coefficient increases, implying that gender-mixed so-
cialization for boys is larger when sibling spacing increases. However,
this coefficient drops out when we look at the double difference estimator,
which is simply the inverse of the T'win x OS coefficient. This coefficient
becomes larger (more negative), which explains the larger double differ-
ence estimator. Hence boys who grow up with sister perform worse, and
boys who who have a twin brother do better. As the estimates increase
when the control group is less conservatively chosen point-estimates for the
effect for boys increase. Which likely implies that our baseline estimate is
conservative.

5.1.2 Matching estimators

We know that twins and CSS are born into different families and hence we
control for many of these differences. This section will employ matching
estimators to make the sample of CSS and twins more comparable before
estimating the parameters (Table A6).

We employ Kernel matching (Epanechnikov kernel with a bandwidth
of 0.06), and weights to the observations are assigned with the Kernel
matching procedure (column 1, 4 and 7). Inverse Probability Matching
(IPM) is also used (column 2, 5, and 8), but as this method is very sensitive
to very high and low propensity scores a more robust type will be used
that only includes observations with propensity score between 0.1 and 0.9
(column 3, 6, and 9).

Table A6 shows that IPM is very sensitive to excluding those with
very high and low propensity scores, and hence it is better to only look at
those results that exclude these observations. The estimates using Kernel
matching are all larger than the baseline estimates, which implies that our
specification with controls gives a conservative estimate of the true effect.
The IPM specification gives smaller double difference estimates for boys
and larger double difference estimates for girls. However the estimates still
confirm that there is no effect for boys. Whereas the effect for girls would
be larger with matching. Hence the estimates for girls are conservative in
the main specification with controls.
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6 Discussion

The result that girls that are exposed to higher concentrations of prenatal
testosterone perform 7% of a standard deviation lower on math is counter-
intuitive. One would expect that these girls would me more male-typical
and hence their educational performance would also be more male-typical.
Gielen et al.| (2016)) do not find increased earnings for for females exposed
to higher prenatal testosterone. This is consistent with our finding, espe-
cially since math performance is related to earnings are related (e.g. 7).
They explain their null-finding, and if anything negative effect, with labor
market discrimination for masculinized females. This section provides sev-
eral explanations for the negative effect found for females on educational
performance at age twelve.

We are interested in the effect of prenatal testosterone (T) on educa-
tional outcomes (Y). However we cannot rule out that besides there being
a direct effect of prenatal testosterone on educational performance (first
term), testosterone might be interacting with external factors (E), that
can in turn affect educational outcomes (second term).

dY §Y Y SE

T = T TsEST (2)
1 2

It could be that prenatal testosterone directly shapes mathematics per-
formance by affecting brain development (as suggested by |Jordan-Young
(2010)), hence the second term would be equal to zero. This would im-
ply that prenatal testosterone worsens mathematics performance for girls.
Boys might not experience such negative effects because of later life fac-
tors (e.g. toys they play with, gender stereotypes that shape preferences),
which enhances their math performance later in life. Potentially it could
also be that a little extra prenatal testosterone does not affect boys much,
as they are already exposed to high concentrations (Resnick et al., 1993;
Peper et al., [2009; Tapp et al., 2011 |Cronqvist et al., [2015).

We cannot rule out that biological factors, like prenatal testosterone
exposure, and social factors (i.e. culture) interact with one another as has
been found before (Kendler et al., [1995; Cadoret et al., 1996 Turkheimer
et al., |2003} [Sacerdote,, [2007). The latter indicates that environmental
impacts are larger when a child is exposed to a poor socioeconomic back-
ground. Hence prenatal testosterone might express itself differently when
children grow up in different environments.

A different argument could be that opposite-sex twinning is related
to other birth outcomes that might affect educational performance. Boys
on average weigh more than girls at birth. As a result one could expect
that sharing the intrauterine environment with an opposite-sex fetus might
affect birth weight. Birth weight in mice is higher for females located
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between two male fetuses as opposed to females located between two female
fetuses (Miller and Martin), [1995). The evidence for humans in mixed.
Females from opposite twin pairs have higher birth weights than females
from same-sex twin pairs (Glinianaia et al., [1998; Blickstein and Kalish,
2003). This relationship is not confirmed by |Orlebeke et al.| (1993). [Loos
et al. (2001) find instead that boys from opposite-sex twin pairs weigh more
than boys from same-sex pairs, whereas no such relationship is found for
females. Hence there is no conclusive evidence that birth weight is affected
by the sex of the co-twin.

Another explanation could be that girls with more prenatal testos-
terone are more male-typical in morphological characteristics and behavior
(e.g. |Cohen-Bendahan et al. (2004)); Peper et al.| (2009); Vuoksimaa et al.
(2010a)), and this might eventually affect educational performance through
external factors. Perhaps girls exposed to higher concentrations are more
male-typical, and therefore insecure, which makes them perform worse. Or
perhaps they look and behave more male-typical and try to oppose this
maleness by confirming female gender stereotypes@ It could also work
through the parental channel. |Yi et al|(2015) study health shocks in twin
pairs and find that extra health investments for the twin who experiences
the health shock are compensated for by less educational investments. This
could fit our story if the girl who was exposed to higher prenatal testos-
terone concentrations is more masculine, which requires other investments
by parents, which comes at the cost of educational investments of parents.

We consider three different educational outcomes, which might help
in explaining the negative effect found for females. First school advice
is examined, which can be regarded (partly) as a teacher assessment of
the child’s ability. School advice is hierarchical with one being the lowest
and nine being the highest. It is based upon teacher assessments of the
child’s ability and the child’s performance on standardized tests over the
course of his or her primary school career. This outcome variable allows
us to study whether teachers give different school advice if children differ
w.r.t. their prenatal testosterone levels. It is an imperfect measure as
standardized tests and overall test performance also play a role in school
advice. The variable is not available for the full sample, but results (Table
11) show that the double difference estimates for females and males are
not significantly different from zero. The signs are consistent with the
main results, if anything females exposed to higher prenatal testosterone
concentrations receive a lower school advice, and the effect is opposite for
men.

The second outcome regards the child’s score on an optional part of
the test: world orientation. Schools can choose to participate in this part,

13Similar to “acting White” where Black individuals are punished by peers for acting
differently, and as a consequence are not incentivized to act in particular “White” ways
(see e.g. 7).
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but it does not count towards the final score, implying that it might serve
as a proxy for motivation. Children know that this part does not count
towards the final score, but they have to complete it. The measure is
imperfect as it might also capture actual ability for this specific task. The
double difference estimates are insignificant for boys and girls.

Table 9: Other educational outcomes

Teacher Optional part  Scoring above
assessment of test school average
(scale=1-9) (standardized) average (0-1)
Twin 0.00856 0.00957 -0.00659***
(0.0746) (0.026) (0.012)
0OS -0.0298 0.0312 0.000594
(0.0879) (0.032) (0.015)
Female -0.128 -0.0365%** -0.0515%**
(0.0919) (0.033) (0.015)
Twin*Female -0.0137 -0.0850** -0.00401
(0.104) (0.037) (0.017)
OS*Female -0.0351 -0.0440 0.0106
(0.119) (0.043) (0.020)
Twin*OS -0.101 -0.0452 -0.0188
(0.102) (0.036) (0.017)
Twin*OS*Female 0.0314 0.0156 -0.0200
(0.135) (0.048) (0.022)
Dinates 0.101 0.0452 0.0188
(0.102) (0.036) (0.017)
Dfemales -0.0693 -0.0296 -0.0388**
(0.102) (0.036) (0.016)
N 30,944 41,527 43,096
Controls Y Y Y
Income controls Y Y Y

" Adds the coefficients of Twin*O0S and Twin*OS x Female, equiv-
alent to B¢ + (7.

! Estimated using OLS. A description of the set of controls is to be
found in Table 5.

2% p < 0.10, ** p < 0.05, *** p < 0.01. Standard errors are clustered
on maternal ID and are in parentheses.

The third outcome variable is an indicator for whether the child scored
above the school average in a given year. This can be seen as a proxy
for competitiveness, although it is imperfect as it also captures actual
performance. The double difference estimator for girls shows that they
are about 4% less likely to score above school average in a given year when
they had a male uterus mate. For boys such a significance difference is
not detectable. Once again, this tendency for girls to score below average
could be caused by the fact that this group scores significantly lower on
math.
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7 Conclusion

On average boys perform better at math and girls perform better at read-
ing. Little is known about the role of biology in creating these gender
differences. This paper examines the role of biology and specifically the
role of prenatal testosterone. Prenatal testosterone is responsible for the
sexual differentiation of the male fetus and is also said to affect brain devel-
opment. Twinning is used as an exogenous proxy for prenatal testosterone
as it is impossible to directly relate prenatal testosterone and educational
outcomes.

Males are exposed to elevated levels of prenatal testosterone between
the eighth and twenty-fourth week of gestation. This testosterone can
transfer from the male twin to his uterus mate. Individuals with a male co-
twin are exposed to higher levels of prenatal testosterone than individuals
with a female co-twin. Females with a male co-twin are more masculine in
morphological characteristics (e.g. more masculine 2D:4D ratio), behavior,
and cognitive capacities. Whereas for males usually no increased masculine
characteristics or behavior is found.

A control group of closely spaced singletons (CSS) is used to isolate
the effect of prenatal testosterone. CSS are siblings whose birth dates are
at most twelve months apart. The effect of prenatal testosterone can be
isolated if socialization is similar for this group and twins. The twelve
month window is small and hence it is likely that siblings born very near
each other experience similar environments, and that their interactions are
more twin-like than for siblings born outside the 12-month window.

We use administrative data from Statistics Netherlands with informa-
tion on a standardized test performed in the final year of primary education
and find that prenatal testosterone does not alter educational performance
for males. For females no effects are found on an aggregate score and a
reading score. When controlling for socialization, girls with a male co-twin,
who are exposed to higher levels of prenatal testosterone, are performing
7% of a standard deviation lower on math. This effect can be explained
by the fact that more women with a male twin end up in the lowest 10%
of the test-score distribution.

The latter finding is counterintuitive as one would expect improved
performance for girls who are more male-typical due to higher concen-
trations of prenatal testosterone in utero. Possible explanations could be
that prenatal testosterone actually causes lower math performance, and
that boys make up for this disadvantage in their youth (e.g. by playing
with different toys). Another explanation could be that girls with a male
co-twin are more masculine, and that this masculinity affects educational
performance negatively at age twelve.

We do not find evidence that prenatal testosterone shapes gender dif-
ferentials as we observe them: it does not improve math performance, or
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worsen language performance. Hence we do not find evidence for a role of
biology, and specifically prenatal testosterone, in determining educational
gender differentials. As research on the role of biology in determining gen-
der differentials in any domain is limited, future research should address
whether other biological factors play a role in determining these gender
differentials.
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Appendix

Table Al: Pooled estimation results (part I)

Male twins and closely spaced singletons
Aggregate Cito-score (scale: 501-550)

(1) (2) 3) (4) 5)
Twin 0.226%** -0.00180 0.220***  0.00308 -0.000719
(0.025) (0.021) (0.026) (0.023) (0.023)
OS 0.000642 0.0107 -0.00605  0.00423 0.00528
(0.030) (0.025) (0.032) (0.027) (0.027)
Twin*OS 0.00397 -0.0404 -0.0198 -0.0467 -0.0468
(0.034) (0.028) (0.036) (0.031) (0.030)
N 24,923 24,923 21,030 21,030 21,030
Controls No Yes No Yes Yes
Income controls No No No No Yes

Female twins and closely spaced singletons
Aggregate Cito-score (scale: 501-550)

(1) (2) () (4) (5)

Twin 0.197***  _0.05068**  0.180***  -0.0455* -0.0507**
(0.025) (0.022) (0.027) (0.023) (0.023)
OS 0.0146 -0.0162 0.00927 -0.0108 -0.0106
(0.030) (0.025) (0.032) (0.027) (0.027)
Twin*OS -0.0476 -0.0464* -0.0534  -0.0542*  -0.0539*
(0.034) (0.028) (0.036) (0.030) (0.030)
N 26,043 26,043 22,039 22,039 22,039
Controls No Yes No Yes Yes
Income controls No No No No Yes

" Adds the coefficients of Twin * OS and Twin x OS * Female, equivalent to
Be + Br.

! Estimated using OLS. A description of the set of controls is to be found in

Table 5.
2% p < 0.10, ** p < 0.05, *** p < 0.01. Standard errors are clustered on

maternal ID and are in parentheses.
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Table A3: Alternative quantile regression

Aggregate score (std)

(1) (2) (3) (4) (5)
I[Bottom  I[Bottom I[Top I[Top I[Top
10%] 25%) 50%)] 25%)] 10%]
Twin 0.00392 0.00968 -0.00284 -0.00456 0.00343
(0.007) (0.010) (0.011)  (0.010)  (0.007)
0s 0.00453 0.00141 0.000943 0.00968 0.0106
(0.009) (0.013) (0.014) (0.012) (0.008)
Female 0.0151 0.0357***  _0.0436***  -0.0222* 0.000684
(0.010) (0.013) (0.014) (0.012) (0.008)
Twin*Female 0.000102  -0.000876 -0.00699 -0.0227*  -0.0269***
(0.011) (0.015) (0.016)  (0.013)  (0.010)
OS*Female 0.000151 0.00618 0.00578 -0.00783 -0.0162
(0.013) (0.017) (0.019) (0.015) (0.011)
Twin*OS 0.00623 0.0127 -0.0159 -0.0215 -0.0139
(0.010) (0.014) (0.016) (0.014) (0.010)
Twin*OS*Female  0.00440 0.00767 -0.0206 0.00638 0.0136
(0.015) (0.020) (0.021)  (0.018)  (0.013)
Dates -0.0191** -0.0199 0.000934 0.00180 0.00901
(0.009) (0.013) (0.016)  (0.015)  (0.011)
Diemates 0.0106 0.0204 -0.0365** -0.0151 -0.000322
(0.011) (0.015) (0.016) (0.013) (0.009)
N 43,069 43,069 43,069 43,069 43,069
Controls Y Y Y Y Y
Income controls Y Y Y Y Y

* Adds the coefficients of T'win * OS and Twin x OS * Female, equivalent to B¢ + S7.

I Estimated using OLS. A description of the set of controls is to be found in Table 5.

2% p < 0.10, ** p < 0.05, *** p < 0.01. Standard errors are clustered on maternal ID and
are in parentheses.
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Table A4: Alternative quantile regression

Reading score (std)

(1) (2) (3) (4) (5)
I[Bottom I[Bottom I[Top I[Top I[Top
10%] 25%)] 50%) 25%)] 10%]
Twin -0.0170** 0.00587 0.000344 -0.00413 0.00406
(0.008) (0.011) (0.011) (0.009) (0.006)
0s 0.00267 0.00796 0.00683 0.0127 0.00612
(0.011) (0.013) (0.013) (0.011) (0.007)
Female -0.0502***%  _0.0630***  0.0800***  0.0515***  0.0310***
(0.010) (0.013) (0.014) (0.012) (0.008)
Twin*Female 0.0226** 0.00982 -0.0267* -0.0213 0.0176**
(0.011) (0.015) (0.016) (0.013) (0.009)
OS*Female -0.00597 0.00697 -0.0235 -0.00707 -0.00538
(0.014) (0.018) (0.018) (0.015) (0.010)
Twin*OS 0.00672 0.00187 -0.0199 -0.0194 -0.0158*
(0.012) (0.015) (0.015) (0.013) (0.008)
Twin*OS*Female 0.00746 -0.00134 0.0168 0.0100 0.0129
(0.015) (0.020) (0.021) (0.018) (0.012)
Dates -0.00672 -0.00187 0.0199 0.0194 0.0158*
(0.012) (0.015) (0.015) (0.013) (0.008)
Demaies 0.0142 0.00535 -0.00314 -0.00939 -0.00290
(0.010) (0.014) (0.016) (0.014) (0.010)
N 43,069 43,069 43,069 43,069 43,069
Controls Y Y Y Y Y
Income controls Y Y Y Y Y

* Adds the coefficients of T'win * OS and Twin * OS * Female, equivalent to B¢ + S7.
I Estimated using OLS. A description of the set of controls is to be found in Table 5.
2% p < 0.10, ** p < 0.05, *** p < 0.01. Standard errors are clustered on maternal ID and

are in parentheses.
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Table A5: Alternative quantile regression

Math score (std)

(1) (2) (3) (4 (5)
I[Bottom  I[Bottom I[Top I[Top I[Top
10%] 25%)] 50%) 25%)] 10%]
Twin 0.0116* 0.0165* -0.130 -0.00994 0.0125
(0.006)  (0.010)  (0.012)  (0.011) (0.008)
0s -0.00167 -0.00199 -0.0124 -0.00773 0.000632
(0.008) (0.012) (0.014) (0.013) (0.009)
Female 0.0747**%*  (0.132%¥%*  _0.177FF*  _0.120%** _0.0513***
(0.009) (0.013) (0.014) (0.012) (0.008)
Twin*Female -0.0152 -0.0115 0.0169 -0.0168 -0.0282%**
(0.010)  (0.014)  (0.016)  (0.014) (0.010)
OS*Female -0.00130 0.0131 0.0147 0.00367 0.00120
(0.013) (0.017) (0.019) (0.016) (0.011)
Twin*OS 0.0191** 0.0199 -0.000934 -0.00180 -0.00901
(0.009) (0.013) (0.016) (0.015) (0.011)
Twin*OS*Female 0.00601 -0.00402 -0.303 -0.0111 0.00347
(0.014)  (0.020)  (0.022)  (0.019) (0.013)
Dinates -0.0191** -0.0199 0.000934 0.00180 0.00901
(0.009)  (0.013)  (0.016)  (0.015) (0.011)
Demaies 0.0251%** 0.0159 -0.0312** -0.0129 -0.00554
(0.011) (0.015) (0.016) (0.013) (0.008)
N 43,069 43,069 43,069 43,069 43,069
Controls Y Y Y Y Y
Income controls Y Y Y Y Y

* Adds the coefficients of T'win * OS and Twin * OS * Female, equivalent to B¢ + S7.
I Estimated using OLS. A description of the set of controls is to be found in Table 5.
2% p < 0.10, ** p < 0.05, *** p < 0.01. Standard errors are clustered on maternal ID and

are in parentheses.
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Figure Al: Quantile regression, and 95% confidence interval
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