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Abstract

At post-reproductive ages (50+), there are typically fewer men than women, whose mortality is lower. This is
generally imputed to genes (sex hormones, sex chromosomes and the mitochondrial DNA) and smoking. In this
paper, however, we submit and test an alternative hypothesis: high fertility was one of the causes of high female
mortality in the post reproductive age span (50 years and over) of past generations, and extra improvements in
female survival, as compared to men, could be observed only after, and because of, the fertility transition. To
substantiate our claim, we analyze longitudinal (aggregate) data of the cohorts born between the end of the 19"
and mid-20"™ century in 16 Italian regions and 16 European countries: the effects of differential cohort fertility
on female survival are evident and become stronger with age. This is in line with some theories of evolutionary
medicine, which suggest that increased somatic investment in the reproductive function among women comes
at the cost of worse health and lower survival in the post-reproductive period.

1. Introduction

In 1999, the female-to-male ratio (FMR) was a mere 2.5 among Sardinian centenarians, well below the lower
bound of what was then considered the “normal” 4-to-7 range (Deiana et al 1999; Koenig 2001). Shortly later, in
2001, the FMR was found to be low also among the centenarians in a few southern Italian regions (Sicily, Calabria,
Molise), but high, between 7 and 8, in the north of the country (Friuli, Liguria, Veneto, and Trentino; Passarino
et al 2002). As the female post-reproductive survival advantage is a relatively recent phenomenon, observed
only in the cohorts born towards the end of the 19" century, both in Italy and elsewhere (Robine et al 2006;
Beltran-Sanchez et al 2015), genes, the “first suspect” (Passarino et al 2002), cannot be the only cause.

Neither can be smoking: sure enough, it was almost exclusively a male habit in those cohorts, but it can explain
only part of the gender gap in survival, no more than 30% (Preston and Wang 2006). Differential migration is
another non-negligible contributor to the gap (Caselli, Battaglini and Capacci 2018). Can others be included? Here
we will focus on the link between fertility and sex-specific mortality because several papers (Kirkwood 1977,
Jasienska 2017) and evolutionary/life history theories about energy allocations suggest that senescence can be
seen as a by-product of the priority that natural selection places on reproduction, sometimes at the expense of
later survival.

Indeed, higher parity has been found to be associated with telomere shortening (Pollack et al 2018), higher
biological age (Ryan 2018), higher risks of type-2 diabetes (Mueller et al 2013) and higher overall mortality
(Gagnon et al 2013; Zeng et al 2016; Bolund et al. 2016). A substantial fertility decline (from, e.g., 5-6 to 1-2
children per woman) may thus improve female post-reproductive longevity and explain gender differences in
survival in the post-reproductive ages. To test this hypothesis, however, the effect of the fertility transition on
survival must be isolated from other potentially confounding historical processes such as the general process of
mortality decline, the spread of smoking and the obesity pandemics.

To this purpose, the Italian regions constitute a particularly promising set of observations because of two main
reasons. First, the large regional variation in the onset of the fertility transition, which emerged in last decades
of the 19%" century in the north, but only in the 1950s or even later in the south (Livi Bacci and Breschi 1990);



Second, the possibility offered by the Italian data to neutralize the effect of the smoking pandemics and other
perturbing processes in the analysis of the FMR. However, to exclude that our results may depend on the specific
geographic context analyzed, we also replicated part of our analysis on 16 European countries.

2. The Italian and the European dataset

The Italian dataset. We used the data published by the Italian Institute of Statistics (ISTAT) to reconstitute the
demographic history of eight cohorts born in the years 1862-66, 1872-76, ..., 1932-36 in 16 Italian administrative
regions (see Table Al in the supplementary material). For each region and each cohort, we collected aggregate
data on cohort fertility, the probability of survival from age 55-59 to age x (>59), the FMR at various post-
reproductive ages and the proportion of ever-married women.

Figure 1 shows, as an example, how we proceeded with the reconstitution of the demographic history of the
cohorts born between 1892 and 1896, which we treated as a unique 5-year birth cohort. The decennial censuses
of 1951 to 2011 gave us information on the FMR and on the evolution of the proportion of never-married women.
The information on the complete fertility of this cohort derives, instead, from two different types of sources. The
first are two retrospective surveys on fertility taken in 1931 (not shown) and 1961, which report information on
cohort fertility by region. This kind of information, however, is available only for five out of the eight cohorts that
we are interested in here (from 1872-76 to 1912-16). Therefore, we resorted to a second source: the general
fertility index, I, estimated within the European Fertility Project (Coale and Cotts Watkins 1986): in Italy and its
regions this could be done every ten years, from 1861 to 1961 (Livi Bacci 1977). This cross-sectional index - which
measures the fertility of a given population as a fraction of the highest fertility ever recorded (that of Hutterites)
- has been shown to be a good proxy for the total fertility of the cohort born A years before, where A is the mean
age at childbearing, typically not too far from 30 years (Ryder 1964). In our data, for instance, the Pearson
correlation coefficient between the true cohort fertility and the general fertility index estimated when the cohort
was in its 25-29 age interval turned out to be 0.93 (see Figure A2 in the online material). We will then use the
Princeton general fertility index to extend our analysis back or forth in time.

For the cohorts 1912-16, ..., 1932-36 we also know the lung-cancer mortality rate at 75-79 years, which we will
use as a proxy for the exposure of these cohorts to the spread of the smoking pandemics.

As for the European dataset, we collected data on the FMR from the Human Mortality Database (HMD) for the
cohorts born between the 1820s and the 1930s in 16 European countries (see the supplementary material for
the details). Information on fertility derives, once again, from the European Fertility Project.

3. Fertility and Post-Reproductive Sex-Ratio

The sex ratio 1, = F,./M,, observed at a given age x reflects the entire evolution of male and female mortality
and migration from conception to age x. As our analysis focuses only on the post-reproductive period, we decided
to use the “double ratio” 1, /755_59, Where x > 59, which neutralizes all the sex-specific disturbing factors up to
age 59 (maternal mortality, young accident mortality, war mortality, migration etc.). Of this “double ratio” we
took the logarithm, a transformation that has several advantages, one of which is that it is not bounded to
positive values. In the following, we will refer to this variable as the relative female survival (RFS). We estimated
this variable for each cohort, region and age in the Italian dataset and we put it in relation with the corresponding
(complete) cohort fertility (CF), for different birth cohorts and regions.



In Figure 2, colors represent age classes (x = 75-79, 85-89, 95-99) and points represent the combination of the
RFSx and the CF observed in a given region and cohort at a specific age. Selected points, with labels, will hopefully
help our readers: they represent the 1872-76 and 1912-16 cohorts of Liguria (the forerunner of the fertility
transition in Italy) and Sardinia (the last region to experience its fertility transition), all four of them at ages x=85-
89 years.

Figure 2 highlights two main phenomena. First, the sex-ratio underwent a temporal evolution, and the regions
that had high values of this index in 2001 (north of Italy) had much lower values in the past, comparable to those
recorded in Sardinia in 2001. In other words, a low FMR at high ages was probably the norm in pre-transitional
populations. Second, the influence of fertility on the sex ratio becomes stronger with age. At high ages (95-99
years), fertility alone can explain about three quarter of the overall observed variance in RFS (see the
corresponding R? value in Figure 2). We obtain very similar results if we use I; instead of CF in our regressions
(see Table 1 — first section “All cohorts”).

To be sure, Figure 2 presents a simple correlation, which may be biased by other processes connected to
differential survival, such as the general process of mortality decline, the spread of smoking and the obesity
pandemics. To disentangle the effect of fertility from these disturbing factors, we run several checks on the
association between fertility and RFS.

First, we estimated the association between the Princeton index of general fertility (If) and RFS only for the two
pre-transitional cohorts born in 1862-66 and 1872-76 (Table 1 — second section “Oldest cohorts”). These cohorts
are too old to have been exposed to smoking or excess nutrition in any significant way (see Figure A3 in the
supplementary material). Even in these cases, fertility (If) turns out to exert a significant negative effect on the
dependent variable (RFS;).

Secondly, we estimated the association between I and RFSx in the three youngest cohorts of our dataset, born
in the years 1912-16, 1922-26 and 1932-36. These cohorts were exposed to the smoking pandemics, but we
know their mortality rate due to lung cancer in the age class 75-79, and, as Preston et al (2010), we can use this
as a proxy for smoking (Table 1 — third section “Youngest cohorts”). Despite the addition of these control
variables to the regression model, separately for males and females, the effect of It on RFSx remains negative and
highly significant. Incidentally, this model explains a large part of the observed variance of RFS,, up to 84% at 95-
99 years.

Thirdly, we repeated the three analyses of Table 1 at the European level. The results of this analysis (see Table
B2 in the supplementary material) confirm those presented in Table 1, and they indicate that the negative
relationship between fertility and the RFS« holds in general, and not just in Italy.

Further support to the fertility hypothesis comes from our fourth check, the analysis of the proportion of never
married women at older ages. This condition is generally considered disadvantageous for female survival in the
past, because: 1) it was frequently associated with health issues; 2) nulliparous women show increased risks of
breast, ovarian and uterine cancer (Sun et al. 2016; Fraumeni et al. 1969); 3) never-married women rarely had
children and therefore lacked support in their oldest years, when they most needed it (Zeng et al 2016; Caselli
et al 2013). However, if fertility is negatively associated to women’s post-reproductive survival, the disadvantage
of never married women should decrease in the cohorts with higher fertility.

This is exactly what we observe in Figure 3, where the ratio between the proportions of never-married women
at various old ages x and at age 55-59 (a measure of the differential survival of never vs. ever married women in
the post reproductive period) is regressed on cohort fertility. The figure shows that the relationship is positive:
high fertility affects negatively the survival of “mothers” (actually: of married women, most of whom had



children) and therefore, at the aggregate level, reduces the disadvantage of never married older women. At high
levels of fertility, this even reverts into a survival advantage of never married women.

Summing up, the exceptionally low value of the FMR among older Sardinians seems to depend not only on
Sardinian exceptional male longevity but also, and perhaps predominantly, on past (high) fertility, because it
took Sardinia a very long time to start its fertility transition. Inside Sardinia, Nuoro was the very last province to
embark on the fertility reduction trail (see Table A3 in the supplementary material), and, consistently with our
hypothesis, it was also characterized by the lowest FMR1q0+ ever recorded: one male centenarian per one female
centenarian (Deiana 1999). The individual-level data collected on the Sardinia centenarians also confirm the
effect of fertility on female survival. Indeed, Sardinian centenarians have been found to be associated with lower
fertility, higher mean age at childbearing and higher age at first and last child compared to non-centenarians
belonging to the same birth cohort (Lipsi et al 2015).



Figure 1. Data collected for the 1892-96 cohort (taken as an example)
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Note: Reconstitution of the demographic history of the cohort born in 1892-96. Information on fertility derives
from the 1921 census (Princeton Indexes) and from the retrospective fertility survey of 1961. The decennial
censuses from 1951 to 1991 allow us to calculate the FMRy and the proportion of never married women at older
ages x>55. We applied the same procedure to all the other cohorts (not shown here).



Figure 2. Effect of fertility on the post-reproductive sex ratio in Italy
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Note: colors represent age classes (x = 75-79, 85-89, 95-99), whereas the points represent the combination of
the RFSy and the CF observed in a given Italian region and cohort at a specific age.



Table 1. Checks on the relation between fertility and post-reproductive sex-ratio

Dependent var. RFS7s.79 Dependent var. RFSss g9 Dependent var. RFSgs.99

All Cohorts (1862-66, ....,1932-36)

Estimate SE P value | Estimate SE P value | Estimate SE P value

Intercept 0.774 0.104 <0.001 1.072 0.114 <0.001 1.713 0.157 <0.001
It -1.112 0.142 <0.001 -1.865 0.256 <0.001 -3.336 0.399 <0.001
Survival -0.409 0.118 <0.001 -0.104 0.205 0.612 7.734 2.157 <0.001
df=93 R%=.46 S=.43 df =93 R?=.54 S=.67 df=77 R>=.70 S=.93

Oldest Cohorts (1862-66, 1872-76)

Estimate SE P value | Estimate SE P value | Estimate SE P value
Intercept 1.081 0.306 0.004 1.366 0.264 <0.001 1.215 0.317 <0.001
I¢ -1.614 0.371 <0.001 | -2.377 0.630 <0.001 | -1.710 0.812 0.044
Survival -0.882 0.490 0.095 -1.887 0.955 0.058 | -19.193 8.819 0.038

df=13 R?=.39 $=.82 df=29  R’=.26 S=.80 df=29 R*=.15 S$=0.01

Youngest Coh. (1912-16, ..., 1932-36)

Estimate SE P value | Estimate SE P value | Estimate SE P value
Intercept 0.727 0.109 <0.001 0.698 0.193 0.001 0.861 0.254 0.006
I¢ -0.511 0.124  <0.001 | -0.669 0.282 0.013 -1.389 0.394 0.002
Survival -0.685 0.106 <0.001 | -0.667 0.300 0.035 4.281 4,158 0.325
Lung cancer mortality
- males 0.003 0.001 0.001 0.007 0.002 0.002 0.011 0.003 0.004
- female -0.006 0.003 0.019 -0.009 0.010 0.192 -0.008 0.022 0.361

df =43 R?=.78 S=.09 df=27 R*=71 S=.18 df=11 R>=.84 S=.53

Note: This table shows the regression of RFS, on the Princeton index of general fertility (I¢). The first section refers
to all the cohorts in our dataset: by comparison with Figure 2, it shows that the association between cohort
fertility and the sex ratio at mature and old ages does not depend on how fertility is measured. The second
section focuses on the oldest cohorts in the dataset, among whom both smoking and excess nutrition were
virtually absent. The third section, instead, considers only the youngest cohorts in our dataset. Among these,
smoking (predominantly on the part of men) was widespread, but we can partly control for this using lung cancer
mortality as a proxy. Standard errors (SE) have been computed with the heteroskedasticity- and autocorrelation-
consistent sandwich estimator (Cribari-Neto 2004). The P values for the coefficients of “If”, “male lung mortality”
and “female lung mortality” refer to a one-tail t test. For each regression we show the degrees of freedom (df),
the explained variance (R?) and the P value associated with the Shapiro test on the normality of regression
residuals (S), where S < 0.05 signals a probable departure from normality.



Figure 3. Effect of fertility on the proportion of never married women at older ages
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Note: This figure shows the relationship between cohort fertility and the proportion of never married women by
age. We dropped the data on the oldest survivors from the 1971 census because these data were later found to
be biased (Ventisette 1980): this is why a truncation appears in the third panel (age 95-95).



4. Conclusion

In the present study we reported demographic data supporting the evolutionary perspective on the relation
between human reproduction and ageing (Jasienka et al 2017), with particular attention to the post-reproductive
FMR.

A large body of the literature has identified numerous biologic factors linked to sex hormones, mitochondrial
DNA, and the sex chromosome that may confer a significant survival advantage to females before and during the
reproductive period (Giuliani et al 2018; Marais 2018; Vina 2005). However, a large progeny takes its toll by
absorbing a high proportion of the energy reservoir of women, whose ability to survive at later ages is thus
reduced (Penn 2007). In this respect, the process of fertility decline seems to represent a major turning point for
human biology, because it poses the condition to move energy from reproduction to somatic maintenance,
favoring female longevity. This theoretical framework seems consistent with our findings and may explain why
the female survival advantage at older ages emerged worldwide only in the cohorts born at the end of the 19"
century, i.e. after the start of the fertility transition.

Our results show that fertility may affect survival decades after the end of reproduction. Some biological theories
on ageing (antagonistic pleiotropy, disposable soma and energy allocation) may help to explain this
phenomenon. All the theories converge on that increased investment in the reproductive function may
compromise investment in health, and especially health at later ages, so that faster sexual maturation and higher
parity increase the risk of certain diseases later on (e.g., diabetes and cardiovascular diseases) through different
biological mechanisms (Jasienka et al 2017; Ryan et al. 2018).

A recent study linking these theories with molecular data on telomere length and epigenetic age acceleration
showed that reproduction in women may carry costs in term of accelerated aging through two mechanisms: one
reflecting cellular turnover (i.e. telomere length), and one reflecting epigenomic regulation (DNA methylation
age calculated according to Horvath epigenetic clock) (Ryan et al, 2018).

Epigenetic changes represent a potential mechanism underlying the correlation between fertility and survival
decades after the end of reproduction. DNA methylation within the Developmental Origins of Health and Disease
framework generally either explore associations between offspring DNA methylation in early life and later health
outcomes (an example in humans is the Dutch Famine Study) (Heijmans et al., 2008, Felix et al, 2018).

This, however, transcends the scope of our article, which was merely meant to suggest that differential fertility
levels may, by themselves, explain a large part of the apparently mysterious evolution over time, and geographic
distribution at a given time, of the female-to-men ratios at older ages.
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Description of the Sources Used in the Analysis

We prepared two different datasets, one for Italy (16 administrative regions), described in section A, and one for
Europe (16 countries), Section B. In each case, we inserted a few additional analyses, to reinforce the results
presented in the main section.

A. The Italian Dataset

We used four different types of sources: a) censuses; b) two retrospective fertility surveys; c) the data collected
by Massimo Livi Bacci within the European Fertility Project (births and census data); d) data on mortality by
cause.

The Italian censuses: Censuses in Italy have traditionally been taken every ten years, in the years ending in 1,
since 1861, with a few exceptions (not in 1891 and in 1941; there was an extra one in 1936, but we exploited it
only marginally, and we will see shortly). For the present analysis, we used the censuses of the period 1911-2011.
Census data report, among other things, the number of men, women and never married women in specific age
intervals, by administrative regions. Table Al shows the data subset we used for each of our cohorts, by age and
year. For instance, the 1911 census gives us information on the 1862-66 cohort when they were 45-49 years old.
The demographic history of some cohorts is incomplete (truncation), in part because we lack the 1941 census
and in part because by 2011 the youngest cohorts had not yet reached the ending age bracket that we use in our
analysis (95-99 years). As most of the Italian censuses of the past century adopted a final open class 100+ years,
we cannot extend our analysis to the centenarians. This, however, saves us the trouble of correcting for the age
distortions that are typically observed at very old ages, especially after the psychological threshold of 100 years.

The censuses between 1911 and 1931 refer to the de facto population; after that, we refer instead to the de jure
population: when the comparison was possible, we verified that only trivial differences emerged in the age
classes selected for our analysis.

Some of the 20 regions that exist today in Italy were not always administrative units and could not be considered
in our analysis: three are in the north (Valle d’Aosta, Trentino-Alto Adige and Friuli-Venezia Giulia, created only
in 1951), and one in the center (Molise, data on which started to be published separately only in 1971).

Table Al. Demographic history of selected cohorts captured by the Italian censuses

Census
Cohort 1911 1921 1931 1941 1951 1961 1971 1981 1991 2001 2011
1862-1866 45-49 55-59 65-69 - 85-89 95-99 - - - - -
1872-1876 - 45-59 55-59 - 75-79 85-89 95-99 - - - -
1882-1886 - - 45-49 - 65-69 75-79 85-99 95-99 - - -
1892-1996 - - - - 55-59 65-69 75-79 85-89 95-99 - -
1902-1906 - - - - 45-49 55-59 65-69 75-79 85-89 95-99 -
1912-1916 - - - - - 45-49 55-59 65-69 75-79 85-89 95-99
1922-1926 - - - - - - 45-49 55-59 65-69 75-59 85-89
1932-1936 - - - - - - - 45-49 55-59 65-69 75-79

Fertility surveys: To reconstitute the complete fertility of the cohorts under scrutiny we exploited two
retrospective surveys carried out with the 1931 and 1961 censuses. These surveys report for each administrative



region the average number of children by (ever married) women’s age. To guarantee comparability between the
two surveys, we restricted the observation to women who had been married only once. Table A2 shows that we
can determine the average number of children of the cohort 1912-1916, thanks to the 1961 survey when this
cohort had 45-49 years. For the 1892-1896 cohort, instead, the mean number of children has been determined
when the cohort was in the 65-69 age-range. In the case of the 1872-1876 cohort, whose fertility is known
through the 1931 survey, the decennial age classes published by Istat (50-59 years) overlap only partially with
those that we needed here (55-59 years), but we used them anyway.

As complete cohort fertility is known at different ages for the various cohorts, selection bias is possible, at least
in theory, because of the higher mortality associated with higher fertility. In Figure Al we present an analysis of
the sex ratio similar to that presented in Figure 2: in this case, however, the relative female survival is computed
as 1y /Tys5_49, (i.e. relative to a younger age class). This analysis is probably less protected from the effect of
migration, but it allows us to show that fertility begins to have a measurable influence on the RFS (relative female
survival) only after age 65-69. In short, only the 1892-1896 cohort, whose complete fertility is known at ages 65-
69 years, can be affected by a selection bias, and very marginally so. This bias, however, if at all relevant, runs
counter our hypothesis, because it tends to eliminate from the observation women with higher fertility and
higher mortality.

In Table A3 we show the evolution of the marital fertility index (lg) in the Italian regions and in three Sardinian
provinces. These data show that Sardinia was the latest Italian region to start its fertility transition, and that
inside this island, Nuoro was the latest province.

Table A2. Sources of information on fertility and lung cancer mortality for selected Italian cohorts

Cohort Survey 1931 Survey 1961 EFP (Iy) HA (Lung Cancer)

1862-1866 - - 1891 -
1872-1876 50-59 - 1901 -
1882-1886 45-49 - 1911 -
1892-1996 - 65-69 1921 -
1902-1906 - 55-59 1931 -
1912-1916 - 45-49 1936 1991
1922-1926 - - 1951 2001
1932-1936 - - 1961 2011

Note: “Survey 1931” and “Survey 1961” refer to the Italian retrospective fertility surveys carried out in 1931 and
1961. In these columns, the ranges refer to the age classes for which information on cohort complete fertility
exists. “EFP (l5)” indicates the general fertility index defined in the framework of the European Fertility Project.
Each cell in this column indicates the year when I was computed and the cohort to which this index has been
associated in this research. “HA (Lung cancer)” indicates the lung cancer mortality at 75-79 years, derived from
the ISTAT “Health for All” database. Each cell indicates the year when cancer mortality has been estimated.



Figure Al. Effect of fertility on the post-reproductive sex ratio in Italy: age from 55-59 to 95-99
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Table A3. Evolution of the index of marital fertility in the Italian regions and in three Sardinian provinces

Index of marital fertility (Ig)
Italian regions 1870-72 1900-02 1930-32 1950-52

Piedmont 631 592 299 209
Liguria 630 551 294 189
Lombardy 657 683 407 286
Veneto 682 743 527 358
Emilia 597 638 386 237
Tuscany 662 595 341 235
Marche 620 632 475 299
Umbria 600 590 439 256
Lazio 610 528 465 314
Abruzzi 638 609 553 362
Campania 667 634 647 496
Puglia 701 677 643 501
Basilicata 645 606 624 474
Calabria 639 573 595 496
Sicilia 696 618 531 416
Sardegna 631 647 662 589
Italy 646 633 471 344
Sardl.nlan 1870 1911 1931 1951
provinces

Cagliari 620 698 656 603
Sassari 649 676 638 531
Nuoro 649 657 710 634

Sources: Livi Bacci and Breschi (1990), Coale and Cotts Watkins (1986).

The European Fertility Project: The European Fertility Project (EFP) (Coale and Watkins 1986) aimed at describing
the process of the fertility transition in Europe: its timing and its geographical distribution. Data were collected
for twenty-seven European countries, including Italy, at the national, regional and provincial level. Various
measures were computed, but in this paper we considered only the general fertility index If, calculated every ten
years (with a couple of exceptions) in the period 1861-1961, by administrative region. This is “the ratio of the
births that women in a given population actually have to the number they would have if subject to a maximal
well-recorded age-specific fertility schedule (that of the Hutterites)”. As Table A2 (EFP column) shows, we
imputed to each cohort the value of It recorded 25-29 years after its birth (e.g., the It of 1891 was considered a
proxy of the completed fertility of the 1862-66 cohort). The 1912-16 cohort represents a partial exception,
because it was to the value of Is recorded in 1936, due to the lack of the 1941 census). For each region and for
the cohorts born between 1872 and 1916, Figure A2 shows the (close) association between It (occasionally used
as a proxy of cohort fertility in this paper) and the actual complete cohort fertility, derived from the two surveys
of 1931 and 1961.



Figure A2. Association between cohort fertility and the general fertility index Isin Italy
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Figure 2A shows that It can be a good proxy of cohort fertility, when both are observable.

Mortality by cause: Following Preston et al (2010), in our analysis we use lung cancer mortality as a proxy for the
damage provoked by smoking, by cohort (i.e., a combination of prevalence and intensity). Data on lung cancer
mortality in Italy in the period 1951-2016 were derived from the World Health Organization Mortality Database
(https://www.who.int/healthinfo/statistics/mortality rawdata/en/). The statistics on lung cancer mortality at
regional administrative level were instead derived from ISTAT's “Health for All database”
(https://www.istat.it/it/archivio/14562) and cover the period 1990-2015. To make the various disease
classifications (from ICD-7 to ICD-10) comparable over time, we followed the IARC recommendation
(http://www-dep.iarc.fr/ WHOdb/WHOdb.htm) in order. Table A2 (column HA — Lung mortality) shows that the
three last cohorts in our dataset, bornin 1912-16, 1922-26, 1932-36, were associated to the lung cancer mortality
observed at age 75-79 respectively in the years 1991, 2001 and 2011.

For Italy as a whole, Figure A3 shows that an increase in lung cancer mortality among males aged 85-89 years
begins with the cohorts born after 1875 (here we used the 85-89 age class because it is the only age class which
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allows us to get information on the oldest cohorts in our database, given that the WHO series starts in 1951).
The data of Figure A3 are consistent with the historical knowledge on the diffusion of smoking, which identifies
in the First and the Second World Wars the beginning of the mass diffusion of this phenomenon (cigarettes were
given to soldiers because of their alleged soothing properties; Pampel 2010).

Figure A3. Evolution over time of the age-specific rate of lung cancer mortality (age 85-89): Italian male cohorts

200-

150-

100-

Male Lung Cancer Mortality (x100,000) at Age 85-89

50-

1870 1880 1890 1900
Birth Year



B. The European Dataset

To build the European dataset we used three different types of sources: a) The Human Mortality Database; b)
The European Fertility Project; d) data on mortality by cause.

The Human Mortality Database (HMD): We used the HMD to get information on the population (counts) by age
and sex. These data present several differences from those employed in the analysis of Italy. First, the HMD
provides the intercensal reconstruction of the age structure of the population, so we are not confined to just a
few points in time, as in the case of Italy, to calculate our indexes. Second, in most cases the HMD reconstruction
is performed only at country level, with no further geographical detail. Third, the population counts are provided
by the HMD by single year of age, whereas in Italy the computation of the sex ratio was possible only for 5-years
age classes. The HMD, however, lacks information on the number of never married women, and therefore we
cannot replicate this part of our analysis at the European level.

The European Fertility Project: In the case of the European dataset, we do not have information on cohort
fertility: the only comparable source of information derives from the European Fertility Database (see the A
section in the supplementary material). As for Italy, for our analysis we decided to focus on the (cross-sectional)
general fertility index Is.

Mortality by cause: We used the lung cancer mortality observed in the age class 75-79 as a proxy for the exposure
to smoking. The information on lung cancer mortality at country level was derived from the World Health
Organization Mortality Database (see the A section in the supplementary material).

As an example, Figure B1 shows how we proceeded to the reconstruction of the demographic history of the 1880
Belgian cohort. We used the HMD data to get information on the sex ratio observed at ages 57, 77, 87 and 97.
We selected these ages because they represent the middle of the age classes 55-59, 75-79, 85-89, 95-99
employed in the case of Italy. Each cohort in the dataset was associated to the general fertility index It measured
in the year when the cohort had 30 years, that is in the vicinity of the mean age at childbearing. We thus imputed
the value of the general fertility index estimated in 1910 to the Belgian cohort born in 1880.

Overall, the data collected for Europe cover 16 countries and 120 cohorts born over the period 1801-1931. Table
B1 shows for each country and for each age the number of cohorts available for the analysis.

Figure B2 shows the association between the relative female survival (RFS,) observed at different ages x and the
general fertility index. This analysis shows that the same pattern observed in ltaly (see Figure 2 in the main text)
can be identified also in Europe. The case of France is worth noticing. For reasons which are not yet entirely
understood, in the 19" century France had the lowest fertility in Europe. Consistently with our thesis, the 1851
French cohort presents a remarkable high value of the RFSg;, which Italy reached only fifty years later, with its
1901 birth cohort.

In Table B2 we present the same checks we performed for Italy on the association between fertility and the RFS,.
These checks are intended to rule out the risk that a spurious correlation between fertility decline and other
historical processes may bias our results. The potential sources of bias are: mortality decline, the spread of
smoking and the obesity pandemics. As the nine regressions of table B2 show, the effect of Ir on RFS, (relative
female survival) remains negative and significant in all cases, even after the inclusion of (proxies for) these
disturbing processes.



Figure B1. Data collection process for the Belgian 1880 cohort
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Table B1. Cohorts in the European dataset

Country Cohorts N Cohorts | N Cohorts | N Cohorts
Age=77 | Age=87 | Age=97
Belgium 1880-1940 5 4 4
Bulgaria 1904-1926 2 1 1
Denmark 1822-1900 9 9 7
Finland 1835-1930 11 10 4
France 1801-1931 19 18 18
England-Wales | 1821-1931 10 9 9
Hungary 1930-1930 1 1 -
Italy 1831-1931 11 10 9
Netherland 1829-1930 9 9 8
Norway 1845-1930 6 5 5
Poland 1930-1930 1 1 -
Portugal 1900-1930 4 3 2
Scotland 1831-1931 9 8 7
Spain 1870-1930 7 7 6
Sweden 1850-1930 5 5 4
Switzerland 1830-1930 11 11 7
Total 120 111 91




Figure B2. Effect of fertility on the post-reproductive sex ratio in Europe
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Table B2. Checks on the relation between fertility (I) and the post-reproductive sex-ratio (RFS, Relative Female
Survival) in Europe

Dependent var. RFS7; Dependent var. RFSs; Dependent var. RFSo;

All Cohorts

Estimate SE P value | Estimate SE P value | Estimate SE P value
Intercept 0.694 0.086 <0.001 1.224 0.113 <0.001 1.920 0.175 <0.001
I¢ -1.267 0.182 <0.001 -2.251 0.333  <0.001 -3.154 0.577 <0.001
Survival -0.193 0.092 0.038 -0.292 0.219 0.184 -0.682 2.931 0.816

df=117 R?=.38 S=0.04 | df=108 R?*=.40 S=.67 df=88 R?=.37  S$=.79

Oldest Cohorts (<1880)

Estimate SE P value | Estimate SE P value | Estimate SE P value
Intercept 0.666 0.107 <0.001 1.132 0.176 <0.001 1.916 0.257 <0.001
It -0.812 0.281 0.003 -1.721 0.493 <0.001 -3.022 0.799 <0.001
Survival -0.573 0.277 0.002 -1.728 0.817 0.039 -18.255 25.516 0.478

df=56 R?=.24  S=53 df=56 R?=23 S=32 df =46 R’=.19  S=.53

Youngest Cohorts

Estimate SE P value | Estimate SE P value | Estimate SE P value
Intercept 0.724 0.085 <0.001 0.918 0.119 <0.001 1.433 0.194 <0.001
I¢ -0.794 0.249 0.002 -1.372 0.421 0.001 -2.595 0.597 <0.001
Survival -0.601 0.108 <0.001 | -0.632 0.175 0.001 3.218 4.465 0.478

Lung cancer mortality
- males 2.4e-04 5.0e-05 <0.001 | 4.9e-04 9.1e-05 <0.001 | 1.2e-04 1.7e-04 0.249
- female 9.2e-05 1.8e-04 0.305 | -2.8e-04 3.6e-04 0.219 0.005 0.001 <0.001

df =32 R=.62 S=.62 df=27 R’=61 S=.18 df=22 R’=68 S=.43

Note: This table shows the regression of RFS, (relative female survival) on the general fertility index Ir. The first
section refers to all the cohorts in our dataset. The second section focuses only on the oldest cohorts, who were
not significantly exposed to smoking and excess nutrition. The third section, instead, considers only the youngest
cohorts for which information on lung cancer mortality in the age class 75-79 is available. Standard errors (SE)
have been computed with the heteroskedasticity- and autocorrelation-consistent sandwich estimator (Cribari-
Neto 2004). The P values for the coefficients of “I¢”, “male lung mortality” and “female lung mortality” refer to a
one-tail t test. For each regression, we indicated the degrees of freedom (df), the explained variance (R?) and the
P value associated with the Shapiro test on the normality of regression residuals (S), where S < 0.05 signals a
probable departure from normality.
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