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Abstract

The most commonly used fertility measure, the Total Fertility Rate (TFR), disregards the
mortality context of the populations studied. Consequently, its replacement level
varies, depending on the probability of surviving throughout the reproductive ages.
The Net Reproduction Rate (NRR) is an alternative fertility measure that addresses this
shortcoming by accounting for the age-specific mortality rates in the population. Irrespective
of differences in the survival component, an NRR equal to unity always indicates that the
population is exactly replacing itself. In this study, we decompose the change in
NRR over time in 37 countries/populations and quantify the effect of the fertility and
survival components. The results show that the change in NRR was mostly driven by
changes in fertility. However, improvements in survival also played an important role in
explaining changes in NRR during the first half of last century and they still represent an
important component of NRR change in some developing countries today. These results
highlight the importance of mortality’s indirect effect on fertility in specific periods and
contexts. The analysis is further extended by decomposing the survival component by
age. This second decomposition reveals that improvements in mortality were mostly

concentrated in infancy and early childhood.
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Introduction

The average number of daughters that would be born to a woman if she passes through her
reproductive life conforming to both the age-specific fertility and mortality rates of a given
time is defined as the Net Reproduction Rate (NRR). An NRR equal to unity indicates that the
population is exactly replacing itself, while any number below (or above) one indicates that the
population is decreasing (or increasing) (Preston et al. 2001). A similar measure is the Total
Fertility Rate (TFR), which is the average number of children born to a hypothetical cohort of
women that was to conform to the age-specific fertility rates of a given year (Preston et al.
2001). However, the NRR is not simply an alternative measure of fertility quantum. The
singularity of this index compared to other demographic measures is the combination of both
mortality and fertility information into one statistic. In comparison, the TFR relies on the
simplifying assumption that all women in the cohort will survive through their childbearing
years. While such assumption is typically met in most high-income countries today, where
mortality rates before the age of 50 are low, this might not be the case for historical information,

on a cohort perspective, and in less developed regions today.

The NRR provides a generational replacement trend that is more accurate than the TFR,
since it recognizes the potential effect of mortality by including mothers’ survival into the
equation. Indeed, in order to measure replacement, the pertinent question is not merely whether
women are having enough births to replace themselves and their partners, but rather whether
fertility and mortality are such that the generation would replace itself (Kuczynski 1928).
Without migration, in developed countries the TFR replacement-level fertility is roughly 2.1
children per woman. However, this threshold can greatly vary across countries due to
differences in mortality rates, reaching nearly 3.5 in the less developed world (Espenshade et
al. 2003). While there is substantial global variation in the replacement-level fertility, the NNR
provides a value that is the same across countries, namely unity (NRR = 1), at which

populations exactly replaces themselves.

NRR is still widely applied in mathematical epidemiology to study the spread of infectious
diseases (Heesterbeek 2002). It is one of the fertility indicators regularly published by the
United Nations (United Nations 2019a) and it is used in publications by national statistical
offices, such as the National Centre for Health Statistics in the United States (Hamilton and
Kirmeyer 2017). Nevertheless, in demographic research, the NRR remains a much less widely

used measure than the TFR.
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The idea of applying life table concepts to the analysis of net replacement is attributed to
William Farr, from the General Register Office in London (Lewes 1984) and Richard Boeckh,
director of the statistical office of the city of Berlin (Kuczynski 1932; Glass 1973). The same
concept was used by Dublin and Lotka (1925) in the development of the “true” rate of natural
increase, that is the rate of growth of the stable population associated with the constant levels
of fertility and mortality by age. This “true” rate of natural increase is a sophisticated measure
of population renewal. Indeed, it is not simply given by subtracting deaths to births as in the
population balance equation, but it considers the probability that a woman will survive, or not,

from birth to the end of her reproductive life.

The NRR has been previously used to analyse emerging demographic patterns and to
understand the interaction between deaths and births during the demographic transition (DT)
in individual countries (Cai 2008; Garenne et al. 2007; James 2011; Jiang et al. 2019). As
explained by the DT theory, pre-modern societies are characterized by high fertility and
mortality rates and almost no population growth. Then, a long-term decline in mortality triggers
a long-term decline in fertility, the actual transition phase, during which there is a period of
natural population increase (Caldwell 1976), after which the population stabilizes to a post-
modern regime of low mortality and low fertility. Angeles (2010) shows that changes in
mortality have a large effect on changes in fertility over time and that the changes in fertility
behaviour come with a lag of about 10 years. Developed countries have completed the DT and
they are now characterised by very low mortality and fertility, while developing countries,
especially the highest-fertility countries of sub-Saharan Africa, are still in their early stage of
the DT (Lee 2003).There are several theories attempting to explain what initiated the fertility
decline during the DT (Kirk 1996). Economic theory stresses how improvements in infant
mortality were the driving force behind the DT, because they altered parents’ expectation of
children survival (Becker 1960; Davis 1963), although a causal link cannot be empirically

tested (Cleland 2001).

The aim of this paper is to present the advantages of the NRR, a measure that combines both
mortality and fertility information into a unique demographic statistic, which allow us to
explore the morality effect on fertility. Thus, applying a decomposition method similar to Jiang
et al. (2019), we simplified the changes in the NRR into three main components: those driven
by changes in the average number of daughters (fertility component), those due to changes in
the survival of women from birth throughout their reproductive life (survival component) and

those explained by changes in the proportion of female births (sex ratio component).
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Furthermore, we look at contribution by age in the survival component. The remainder of the
paper is structured as follows. The next section illustrates the Data and Methods used in the
analysis as well as the decomposition method in continuous perspective. In the Results section
we provide a descriptive analysis of period and cohort trends in NRR and we display the results
of the decomposition analysis for selected developed and developing countries. In the
Discussion section we highlight the relevance of our results for historical and current
demographic trends. In the conclusion, we summarize the main findings and suggest new

venues of research in this field.

Data

Our dataset covers four developed countries from the Human Mortality (HMD 2021) and the
Human Fertility (HFD 2021) database, namely Japan, Spain, Sweden, and the USA, and four
developing countries from the United Nations World Population Prospects (United Nations
2019a), namely Afghanistan, Laos, Nigeria, and Zimbabwe. The USA time series has been
further extended by adding information for the cohorts born between 1922 and 1933 sourced
from the US Social Security Administration (Bell & Miller 2005). We calculate from these
data the NRR for all years of birth and calendar years available and compare period and cohort

trends over time and across populations.

While the HFD and the HMD meet the highest data quality standards, results for the
developing countries included in this study should be taken with caution, as the UN estimates
involves statistical inferences from survey and census to account for the paucity of reported
data in those areas (United Nations 2019b). Better data like DHS exists, but the time intervals
of their surveys vary within and across countries, which makes the change over time less
comparable in our time analysis. Therefore, despite of the limitations in the UN data, it provides
global comparability over longer time period to uncover the past and current trend of many

developing countries.

Method

Total Fertility Rate in a given year ¢, denoted TFR(?), is the average number of children a
woman would have, if she followed the age-pattern of fertility experienced in year ¢ This
measure assumes that all women survive over the entire reproductive ages. The Net
Reproduction Rate in a given year, or NRR(?), relaxes this assumption controlling for female

survival experienced in year ¢, and focusing on the number of female births that could “replace”
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the mothers. In mathematical notation NRR(?) is defined between the reproductive ages a and

[ (in HFD, this is from age ¢ = 12 to f = 55) as
NRR(t) = ff m(a,t)l(a,t)da, (D

where m(a, t) is the probability that a woman at age a will have a female child (maternity rate),
and [(a, t) is the probability of surviving to age a from birth, both at time ¢. The age-specific
maternity rates can be further separated into the age-specific fertility rate, or f(a,t), and
proportion of female births to mothers age a, s(a, t), as m(a,t) = s(a, t) f(a,t). Preston et
al. (2001, p. 115) further disaggregate maternity rates as “the product of the age-specific
fertility rates and of the ratio of female to total births”. If the latter ratio is the same at all ages,
we can denote it as s(t). Although the literature review done by Chahnazarian (1988) points
out that the sex ratio at birth could be negatively associated with maternal age or birth order,
there is other evidence and studies suggesting that the proportion of female births have minor
variations across mothers’ age (e.g., Myers 1954; Mathews & Hamilton 2005; Rueness et al.
2012). The results could vary by the population and the time of the study, but it should not
deviate much from the overall sex ratio at birth for that period or cohort. Moreover, there is
hardly any information on maternal age-specific sex ratio at birth. Considering all this, we
approximate age-specific maternity rates as m(a,t) = s(t) f(a,t), thus, Eq. 1 can be

simplified to
NRR(®) = s©) [F f(a,Dl(a,)da. ()

In Jiang et al.’s (2019) paper, they decompose the change in NRR into four components,
namely: 1) marital fertility rate; ii) proportion of married women; iii) proportion of newborn
girls; ii1) survival of women from birth using China’s population census data from three years.
In this paper, we adopt and extend their method by using a continuous perspective to enable
longer time series and by decomposing the survival component of NRR by age. Therefore, the
change over time in NRR can be decomposed into the change of three components: 1) fertility;
2) survival; and 3) proportion of female births. Let a dot on top of a variable denote the
derivative of a function with respect to time (Newton’s (1704) notation). The change over time

of NRR can be decomposed as

NRR(®) = s(®) [* f(a,©)l(a, O)da+s(0) [* f(a,Di(a, t)da +3(0) [F f(a,Ol(a, O)da, (3)
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where the first term on the right represents the contribution of fertility changes, and the second
the contribution from survival changes; the last term refers to the change in the sex ratio. The
first term of the change in fertility rates, is associated with changes in the Total Fertility Rate
(TFR), which is expressed as the aggregate measure of all the age-specific fertility rates, as
TFR(t) = ff f(a,t)da. Yet the age structure of fertility varies over time, so this term also

captures this marginal effect (Appendix 1 offers further details on the derivation of Eq. 3 and
the relation of the first term to changes in TFR).

Age-decomposition of the survival contribution of the change over time in NRR

Both the first and the second term in Eq. 3 can be further decomposed by age. However, the
age-decomposition of survival is less intuitive given to the cumulative nature of the life table
survival function [(a, t) of age-specific mortality from age zero to a. This survival function
can be also calculated as the product of age-specific probabilities of survival, I(a,t) =

p(1,)p(2,t) ...p(a,t), withp(a,t) = % and the radix of the life table [(0, t) equal to 1

(Canudas-Romo & Guillot 2015). Based on this product of age-specific probabilities of

survival, the second term in Eq. 3 can be rewritten as,

s [ f(a vi(a tyda = TE_ B2 s(t) [ f(a,0)1(a, t)da]. (@)

*=1p(x,t)

From Eq. 4, we can find that for terms with the initial age lower than the lower bound of
fertility age x < a, the relative derivative of probabilities of survival between two consecutive

ages are weighted by full NRR (since o is the lower bound of fertility age and f (a, t) is 0 below
age a, s0 s(t) [* f(a,0)l(a, t)da is equivalent to the full NRR(t) = s(¢) [ f(a, )I(a, t)da).
This weight would decrease with increasing age for terms above age @ and eventually becomes
zero (s(t) [ f f(a,t)l(a,t)da = 0) at the end of the fertility window since survival cannot
affect reproduction anymore. Hence, each term in Eq. 4 represents the age-specific survival
contribution to the NRR (Appendix 2 details the derivation of Eq. 4).

Calculation of NRR for recent years

In an effort to further extend the time series available for developed countries, mortality and
fertility forecasting was also performed. Cohort mortality forecasting for the cohorts of women
born after 1968 was accomplished using the Lee-Carter model (1992). Mortality was forecasted

between the ages of 30, which currently corresponds to approximately the mean age at birth in
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most developed countries, and the end of the reproductive life (55 years). In other words, half
of the “real” fertility should have taken place by the age of 30. Since mortality rates at these
ages are typically low in developed countries, marginal deviations between the results of the
Lee-Carter method and other mortality forecasting methods is expected. The completed fertility
for the cohorts of women born after 1968 was forecasted using the five-year extrapolation
methods by Myrskyld et al. (2013), also based on the Lee-Carter model (1992). From recent
evaluations of the forecasting accuracy of a large number of methods for cohort fertility
completion, emerged that the method of Myrskyla et al. (2013) was the most accurate and able
to outperform more sophisticated forecasting methods (Bohk-Ewald et al. 2018). A summary

of data available for the eight selected countries is presented in Table 1.

[Table 1 about here]

We select these countries as they are at different stages of the demographic transition, and
hence allow us to cover a wide range of scenarios. The selection criteria for the developed
countries were high quality data and having a long time series, while developing countries were
mainly selected since they recently had high survival improvement in their subregion. Results!
for a wider group of countries are available in the online interactive application:

https://demo268.shinyapps.io/NRRchange.

Results
Trends in NRR and TFR

Figure 1 shows trends in period and cohort TFR and NRR for Japan, Spain, Sweden, and the
USA over time. Cohort measures are lagged to match the trend in period measures. The shift
is based on the mean age at childbearing, which has been set at age 30, since “it almost always
lies between 26 and 33” (Preston et al. 2001, p. 152). The USA period and cohort trends
mismatch, because the mean age at childbearing is overall younger than in the other countries
analysed, making a 26-year shifting a better fit (Schoen 2004). Dot points along the dashed line

represent forecasted cohorts.

' All calculations were performed using the R Statistical software version 3.6.3 (Team RC., 2013). The Rcode
will be available in GitHub:
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[Figure 1 about here]

The expected number of female offspring, NRR, produced by a woman during her entire
reproductive life is lower (roughly half) than her expected total number of children, TFR.
Although the two indexes move in a similar fashion, relative changes in the TFR are generally
greater than relative changes in the NRR due to the compensating effect of improved survival
on fertility reduction. Since the NRR accounts for both changes in fertility and survival, and
the TFR only for changes in fertility, differences between these trends are expected. In Japan,
from the year 1947 to 1960, the TFR was less than halved from 4.6 to 2, while NRR only
changed from 1.7 to about 1. Similarly, Spain from 1922 to 1935 witnessed a sharp decrease
in TFR (in green), while NRR (in orange) was more stable, from both the cohort and period
perspective. In Sweden, with long historical data, there was a sharp decline prior 1930 in term
of TFR. Yet, as other countries, the NRR decrease slightly slower than TFR. Such discrepancy
in relative decline between TFR and NRR is also evident in recent years across the developing
world (see Fig. A3 in the Supplementary Online Material, SOM). Declines in fertility are
generally accompanied by increases in survival, and changes in survival contribute to smooth
fluctuations in the NRR compared to the TFR. Yet, the gap between NRR and TFR tends to
stabilize over time, as survival improvements reduce. As for the US, the transition towards
parallel was less evidential due to its early development and relatively shorter demographic

statistics.
The contribution of survival and fertility components to NRR

Figure 2 shows how changes in fertility and survival affected cohort NRR between 1910 and
1988. For example, in Spain, the annualized change of NRR between the 1910 and 1915 cohort
is -0.005, which is decomposed into the following three components: contribution from
changes in fertility (corresponding to fertility declines, or -0.019), contribution from changes
in survival before age 55 (corresponding to improvements in survival, or 0.014), and

contribution from changes in the sex ratio at birth (nearly zero).

[Figure 2 about here]
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Overall, in all countries and cohorts, the change in NRR was mainly driven by changes in
fertility, particularly towards the end of the observation period, when all countries were at the
leading edge of the health transition and further improvements in women survival from birth
to age 55 was minimal. Improvements in survival played an important role among cohorts born
before the 1960, which experienced wars or infectious diseases. By contrast, the sex ratio at
birth did not present significant changes over cohorts. Over time, there has been a constant
improvement in survival, with only few exceptions for Spain of the Spanish Flu in 1918 in and
the World War II in the 1940s. The dashed line separates the cohorts completed fertility and
the forecasted incomplete cohorts. The effect of survival almost disappears in the recent cohorts.

(Appendix 3 provides more details on the decomposition of cohorts without forecasting.)

[Figure 3 about here]

Results from the decomposition of period NRR between 1910 and 2018 are shown in Fig.
3. The change in NRR is initially driven by a combination of changing fertility and survival,
while towards the end of the period of analysis the fertility component remains the only
substantial contributor to NRR change. In Spain, the contribution of the survival component to
changes in NRR reduces from a peak of above 0.02 in 1927 (much greater of the 0.001 change
observed in NRR) to almost zero in the late twentieth century. Likewise, since the 1960s in
Sweden and in the USA and since the 1970s in Japan the importance of the survival component
has reduced, so that further improvements in survival only had a minor role in explaining

changes in NRR.

A similar assessment, applied to developing countries, is shown in Fig. 4 for the period from
1990-1995 to 2015-2020. In Afghanistan, the NRR has been declining consistently over the
period of analysis, as a result of declining fertility rates. Improvements in survival had a
positive effect on NRR, opposing its decline, and they partly compensated for the negative
effect of the fertility component. In Laos, the fertility component had a major negative impact
on NRR change, while survival improvements consistently contributed to increase the NRR.
In Nigeria, the fertility effect was persistently negative and outweighed by the effect of survival,

as a result of which NRR was relatively stable. Around 2000 and 2010, the survival component
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contributed to a small increase in the NRR (changing from 1.5 to 1.8). In Zimbabwe, between
1995-2000 and 2000-2005, decreasing survival and declining fertility contributed to lower the
NRR (in the next section, the negative survival component in Zimbabwe is further explored by
decomposing it by age). Subsequently, increases in fertility and improvements in survival
contributed to an important increase in the NRR, before declining again as a consequence of

the decrease in fertility.

[Figure 4 about here]

For comparative purposes, Fig. 5 shows the contribution of the survival component to
changes in the NRR between 2005-2010 and 2010-2015 in all countries for which it was
possible to collect data for the period under study. The size of the circles refers to the NRR of
the year 2010. For most countries, the survival component is positive (black circle), indicating
that survival has increased over time. Countries are listed by region: Africa, Asia, Latin
America, Oceania, and Europe and North America; and within each region listed in descending
order. In sub-Sahara African countries, the contribution of the survival component was above
0.02, which was higher than any other survival contribution recorded over the same period.
Despite Sub-Saharan Africa having already experienced a sizeable improvement in their
survival in the 1950s (as shown in Fig. A4), they are still lagging behind the rest of countries,

and improvements in survival still represent a sizable contribution to the change in their NRR.

In the other regions, most countries have NRR values under 0.01, with the only exception
of Afghanistan. Countries with high NRR (bigger circle) are associated with larger
improvements in survival and with stage two or three of the DT. In Europe and Northern
America, changes in survival are extremely small, as reflected by their relatively small NRRs.
The highest values of the survival components are recorded among former USSR countries.
There are only four countries with negative values in their survival component, namely: Syria,
Venezuela, Grenada, and Guyana, indicating that survival among women aged 55 and below

has decreased.

[Figure 5 about here]
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Age-decomposition of the survival contribution of the change over time in NRR

Changes in the survival component of period NRR (orange bar in Fig. 3) have been further
decomposed into age-specific contributions (Fig. 6). Not surprisingly, improvements in
survival are highly concentrated in infancy and early childhood rather than later on in the
reproductive life. The fact that more women were able to survive through childhood and to
reach their childbearing age positively contributed to the NRR. The majority of lines lies in the
positive half except for the turbulent war period in the early 1940s and for the 1918 influenza.
Sharp negative contributions to survival, caused by short-term shocks, are generally
compensated, and followed by pronounced survival improvements: the years 1918 and 1923 in
Sweden, and 1940 and 1945 in Spain. Therefore, these relatively high improvements in survival
need to be interpreted in the context of relatively high deterioration in survival five years before.
However, for recent years small contributions of survival to the change in NRR are due to the
low mortality levels already achieved in these countries. Very similar age patterns are observed
in changes in the survival component of cohort NRR (shown in Fig. AS). However, there is
less adult mortality change and most effects are concentrated in infancy. A plausible
explanation is that birth cohorts experience adult mortality decades later when mortality is

usually lower.

[Figure 6 about here]

Similar patterns of high contribution of infant mortality to the changes in NRR are also
present in a selected group of developing countries, namely Afghanistan, Laos, and Nigeria,
presented in Fig. 7. At the same time, changes in mortality at older ages have also importantly
contributed to changes in NRR. For instance, Zimbabwe shows two peaks of high contribution
of mortality changes: in infancy and in the age group 20-35. This unusual age-pattern in the
survival contribution refers to the long-term impact of the AIDS epidemic. According to the
estimates from UNAIDS (2021), the number of people with HIV spiked in the 1990s and this
disease was gradually being controlled after 2000. The AIDS-related deaths for adults (15-49)
decline from about 75 thousand in 2000 to 13 thousand in 2019. Therefore, we can see a dip at

those ages 25 prior to the twenty-first century and then a surge at the start of this century.
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[Figure 7 about here]

Discussion

In this study, we decompose the change in NRR over time in 37 countries/populations and
quantified the effect of the fertility and survival components. The results show that the change
in NRR was mostly driven by changes in fertility. However, improvements in survival also
played an important role in explaining changes in NRR during the first half of last century and

they still represent an important component of NRR change in some developing countries today.

NRR is a fertility measure often overlooked, while most discussions centre on the TFR.
While the replacement-level fertility can substantially vary across countries (Espenshade et al.
2003), due to the different death rates of women before the completion of their reproductive
life, the NNR provides a replacement value that is the same across countries, despite their
different survival. Cross-country comparisons of generational replacement based on the TFR
need to consider different replacement levels based on the variations in the survival conditions
of the populations compared, ranging from approximately 2.1 in most developed countries to

extreme values of 3 and above in less developed countries.

Looking at fertility from the NRR perspective provides unique insights into the ways
survival affects changes in fertility. During the demographic transition, the opposing trends in
fertility and survival smooth changes in the NRR: improvements in survival in the second and
third stage contribute to increase the NRR, while high fertility reduces with survival
improvements. However, in times of sudden changes in mortality, such as during a pandemic
or a war, the decomposition of NRR can reveal to what extent mortality simultaneously affect
fertility. Exemplary is the case of the AIDS epidemic in sub-Saharan Africa. The epidemic has
a direct effect on survival and an indirect effect on fertility, through the increase in mortality
among reproductive-age women. Research has shown that maternal mortality is much higher
among HIV-infected women than among their counterparts (Lathrop et al., 2014), contributing
to shorten the life expectancy of females between 15 and 49 years of age (Canudas-Romo et
al., 2014). As illustrated by this analysis, in Zimbabwe the existence of high levels of HIV

prevalence among women of childbearing ages (Bicego et al. 2002) exerts a significant indirect
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effect on fertility by reducing the number of women in the childbearing years, as illustrated by

this analysis.

Another illuminating example is the recent Covid-19 pandemic, as another example, could
further decreases fertility in developed countries, by increasing the death rate of women in
reproductive ages. The United States are among the countries with the highest number of
confirmed cases (World Health Organization 2021). Data from CDC (2021) show that even
though old people are the most affected by the virus (95% of deaths occurred to people over
50), around 8,000 females under 50 years died from Covid-19 at the end of March 2021, the
majority of whom were aged 30 or above. This corresponds to almost 10% of all female deaths
under 50 in 2018 in the country. This highlights the potential importance of the Covid-19
epidemic in reducing fertility through the increase in deaths among reproductive age women.
However, some heavily affected developing countries, such as India and Brazil, may lack
accurate data on the demographic of Covid-19-related deaths, so it could be hard to truly
estimate the effect of mortality from Covid-19 on fertility for those countries. Apart from
epidemics, negative survival contribution may derive from civil wars, like in Syria (2011),
which are also likely to lead to higher mortality among reproductive age women and, in turn,

to lower fertility.

Furthermore, our analysis has revealed that the ongoing long-term decline in fertility rates
in developed countries to low and lowest-low fertility levels has occurred during a period of
small but continuous gains in the survival of women to and during reproductive ages. Without
such improvements, the observed drop in fertility would have been even more dramatic. As
survival improvements among reproductive age women approach their end, further declines in
fertility may be observed, due to the lack of the offsetting effect of survival improvements on

fertility decline.

In this paper, the focus was on the age-specific decomposition of the survival component.
However, the fertility component can also be additively decomposed by age. Results from such
decomposition confirm the emergence of a pattern of childbearing delay in most developed
countries (Kohler et al. 2002): fertility at younger ages has progressively declined and it has
been partly compensated by progressive increases in fertility at older ages (for further details,

please see the interactive application: https://demo268.shinyapps.io/NRRchange).

We have two recommendations for future research. First, NRR is a one-sex demographic

measure, which only considers the female population (mothers and daughters). As such, it is
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relevant to analyse fertility trends in the presence of gender imbalances in the population born,
as in China (Cai 2008). It has been noticed how, when such sex imbalances are present, the
childbearing behaviour of both men and women should be studied, as the NRR would predict
a certain number of female births even in the absence of men (Keilman et al. 2014). This may
occur in the presence of sex-selective migration or as a consequence of sex ratio imbalances
after a war. While this study did not focus on the effects of imbalances in the sex ratio on
fertility, this is another potential advantage of using the NRR which may open a new venue of

research.

Another potential direction for future research is the study of how migration (or other
subpopulation such as regions), contribute to NRR and its change. Although there is no
migration factor in the calculation of NRR (or TFR), migrants are contributing to the fertility
and survival in the population. Preston & Wang (2007) pointed out that the conventional
formula for NRR did not include migration, which underestimates the rate for receiving
countries. Thus, they presented a new NRR as a product of three terms with “the proportionate
increase or decrease that would be produced in the size of a hypothetical cohort between birth
and age a as a result of the age-specific migration rates prevailing at time 7’ (p. 663). With
adjusted NRR, the contribution of migration to the change in NRR can be decomposed.
Moreover, Inaba (2009) elaborates the definition of the multiregional net reproduction rate.
With the multiregional technic, the migration between regions is captured. If age-specific
migration data are available, the contribution of internal and international migration to the

reproduction can be quantified.

In sum, this study quantifies how the survival experienced by the mothers from their birth
affects the reproduction of that population through NRR. Although nowadays reproduction is
predominately dependent on fertility in developed countries, survival improvement
counteracted the sharp drop in fertility (or TFR) in the past decades. More importantly, many
developing countries in Asia and Africa are currently undergoing such transition where both
survival and fertility are changing and interacting to determine the reproduction of the

populations.
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Appendix 1: Alternative decomposition

Factoring out the integral of age-specific maternity rate, Eq. 1 would turn into

ff m(a,t)l(at)da

NRR(t) =
(©) ffm(a,t)da

ff m(a, t)da. (1a)

If we apply the same assumption on equal secondary sex ratio in a given year/cohort 7, the

second half of Eq. 1a can be approximated as
[ ma,0da = [F f(a,0)s(a, O)da = s(t) [ fla,00da = s(OTFR(D),
where TFR(t) is total fertility rate in a given year/cohort ¢ and,

- ff m(a,t)l(at)da

NRR(t) = ¢ ranianda

S(O)TFR (t) = % randa

[Fm@atyda s(O)TFR (1) (1b)

Base on Eq. 1b, the growth of NRR is the addition of the relative derivative of the three

components,

f(f f(a.tﬁz(a,t)da
W TFR(t) N @
f(f favi(at)da TFR(E)  S(t)

NRR(t) = ( ) - NRR(t) . (1c)

fﬁm(a,t)l(a,t)da

In Preston et al. (2000, p.153), they approximate % as the probability of

I f m(a,t)da
surviving from zero to this mean age of childbearing. Therefore, the first component is the join
effect of the change in mortality as well as the change in age structure of the fertility. For the

derivative of the first component, it can be rewritten as

fraoiande g .
Frava Jo w(al(a,tyda + [ l(a, )w(a t)da,
f(at)

where w(a, t) is
@t fff(a,t)da

, a weight function describing the age structure of the fertility rate.
Thus, the growth of NRR at time 7 is expressed as,

[Pw@oiataa | iR
f,f w(at) l(a,t)da TFR()

ff i(at)w(at)da
ff l(a,t)w(at)da

)+ 3901 NRR(E),  (1d)

NRR(t) = | SO

+ (
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where the parentheses enclose the component related to the change in fertility, corresponding

to s(t) [ f f(a,t)l(a, t)da in the main text. Therefore, we know that the fertility effect in Eq.3

1S a combination of both factors.

We also plot the effect of the age structure and it is indeed very small fraction of the change
in fertility. Figure A1 shows results for the four selected countries. The light blue bar shows
the contribution of the change of fertility age structure, and it is almost invisible across the
entire period. This pattern can be found in all available countries, which is reasonable because
the mean age of childbearing changes very gradually over time and it fluctuates rather than a
predominantly one-directional change like mortality. Compared to Fig. 3, the contribution of
components is nearly identical, except the fertility component is split into fertility age structure

and TFR in Fig A1l.
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Fig. A1 Decomposition of the change in period net reproductive rate between 1910* and
2018**, selected developed countries. Source: Authors’ calculations based on Human

Mortality Database (2021) and Human Fertility Database (2021).

Note: Change in NRR is calculated between ¢ and (z-5). *Or earliest year available, as described

in Table 1. **Or latest year available, as described in Table 1.
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Appendix 2: Details of age-decomposition of the mortality contribution

[(a, t) can be expressed as the product of the probability of survival between age a-1 and a,

p(a, t) (Canudas-Romo & Guillot, 2015),

l(a,t) =p(1,t)p(2,¢t) ...p(a,t), (2a)

l(a—1,t)
I(a,t)

time of [(a, t) can be decomposed into,

where p(a,t) = , with the radix, (0, t), equal to 1. Based on Eq. 2a, the change over

i(a,t)~”831( t)+p(2t)l( at) + - +pEZ:gl(a,t). (2b)

Next, we substitute [(a, t) into the second term of Eq. 3 and rearrange the terms by p(a, t),

s@© J fa,Di(a,t)da = ”8 g s@ JF f(a,O)l(a )da +

D) B BB B _
vz SO f f@nl(adat 47258 @) Jp fa,Dl(a )da

ﬁ b, f)[ (®) fﬁf(a t)l(a, t)da] 4)

Li- 1p@t)
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Appendix 3: Details of decomposition by incomplete cohorts

In Fig. 1 and 2, we forecasted the completed fertility and mortality for cohort younger than 50
years old. However, the forecasted value are not the real data. To maximize the use of all
available data only, we can calculate incomplete TFR and NRR, which are the sums of all ages
available in that cohort. The dashed line in Fig. A2 separates the cohorts completed fertility
and incomplete cohorts. To calculate change between two incomplete cohorts, the formula
remains the same, except  in Eq. 3 would drop from 50 to 30. It is a comparison between two

truncated cohorts to make sure the available ages are equal for both.

The shapes remain largely unchanged for incomplete cohort with and without
forecasting fertility and mortality compared to Fig.2. Similarly, the effect of mortality almost
disappears in recent cohorts. However, the results might need to be interpreted with caution.
Incomplete TFR and NRR change might be subject to tempo effects, while the forecasted
fertility could adjust for this issue. Furthermore, the mortality improvement is expected to be

marginally smaller than a forecasted incomplete cohort.
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Fig. A2 Decomposition of the change in cohort net reproductive rate among women born
between 1880* and 1988**, selected developed countries. Source: Authors’ calculations based

on Human Mortality Database (2021) and Human Fertility Database (2021).

Note: Change in NRR is calculated between ¢ and (¢-5). Incomplete cohorts are compared after
the dashed line. Refer to Table 1 for the cut-off dash line of each country. *Or earliest birth
cohort available, as described in Table 1. ** Or latest birth cohort available, as described in

Table 1.
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Appendix 4: Supplementary figures
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Fig. A3 Period total fertility and net reproductive rates, between 1990-1995 and 2015-2020, selected developing countries. Source:

Authors’ calculations based on United Nations World Population Prospects (2019a).
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and United Nations World Population Prospects (2019a).
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Fig. AS Age-specific contributions of the survival component in time changes in cohort NRR, selected developed countries. Source: Authors’

calculations based on Human Mortality Database (2021) and Human Fertility Database (2021).

Note: Change in survival between cohort and (cohort-5). Completed fertility and mortality for cohorts born after dashed line is forecasted using

the five-year extrapolation method by Myrskyld et al. (2013) and Lee-Carter model (1992). Refer to Table 1 for the forecasted birth cohorts in

each country.
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Table 1. List of selected countries, birth cohorts, calendar years and data sources.

Mother’s birth

Forecasted mother’s
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Country Calendar years Source
cohorts birth cohorts
Afghanistan 1990-1995 to 2015-2020 UN WPP
Japan 1947 - 1969 1970 - 1988 1947 - 2018 HMD, HFD
Laos 1990-1995 to 2015-2020 UN WPP
Nigeria 1990-1995 to 2015-2020 UN WPP
Spain 1910 - 1967 1968 - 1986 1922 -2016 HMD, HFD
Sweden 1879 - 1969 1970 - 1988 1891 - 2018 HMD, HFD
USA 1921 - 1968 1969 - 1987 1933 - 2017 HMD, HFD
Zimbabwe 1990-1995 to 2015-2020 UN WPP
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Japan Spain

Sweden USA

1910 1930 1950 1970 1990 2010 1910 1930 1950 1970 1990 2010
(1880)  (1900)  (1920)  (1940) (1960) (1980)  (1880)  (1900) (1920)  (1940)  (1960)  (1980)

Calendar Year
(Mother's Birth Cohort)

Measure -- Cohort — Period * Forecasted Cohort NRR — TFR

Fig. 1 Period total fertility and net reproductive rates, 1910-2018%*, cohort fertility and net reproductive rates, 1880-1988**, selected developed

countries.
Source: Authors’ calculations based on Human Mortality Database (2021) and Human Fertility Database (2021).

Note: Cohort rates are lagged by 30 years. *Or earliest and latest year available, as described in Table 1. **Or earliest and latest birth cohort

available, as described in Table 1.
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Fig. 2 Decomposition of the change in cohort net reproductive rate among women born between 1880* and 1988**, selected developed countries.
Source: Authors’ calculations based on Human Mortality Database (2021) and Human Fertility Database (2021) data.

Note: Change in NRR is calculated between ¢ and (#-5). Completed fertility and mortality for cohorts born after dashed line is forecasted using the
five-year extrapolation method by Myrskyla et al. (2013) and Lee-Carter model (1992). Refer to Table 1 for the forecasted birth cohorts in each
country. *Or earliest birth cohort available, as described in Table 1. **Or latest birth cohort available, as described in Table 1.
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Fig. 3 Decomposition of the change in period net reproductive rate between 1910* and 2018**, selected developed countries.

Source: Authors’ calculations based on Human Mortality Database (2021) and Human Fertility Database (2021).

Note: Change in NRR is calculated between ¢ and (#-5). *Or earliest year available, as described in Table 1. **Or latest year available, as described

in Table 1.
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Fig. 4 Decomposition of the change in period net reproductive rate between 1995-2000 and 2015-2020, selected developing countries.
Source: Authors’ calculations based on United Nations World Population Prospects (2019a).

Note: Change in NRR is calculated between ¢ and (z-5).
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Fig. 5 Contribution of the survival component to changes in the net reproductive rate from the years 2005-

2010 to 2010-2015, countries in the world with available information (partial countries are shown in y-axis).

Source: Authors’ calculations based on Human Mortality Database (2021), Human Fertility Database (2021),
and United Nations World Population Prospects (2019a).
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Fig. 6 Age-specific contributions of the survival component of changes over time in period NRR, selected developed countries.
Source: Authors’ calculations based on Human Mortality Database (2021) and Human Fertility Database (2021).

Note: Change in survival between year and (year-5).
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Fig. 7 Age-specific contributions of the survival component in time changes in period NRR, selected developing countries. Source: Authors’

calculations based on United Nations World Population Prospects (2019a).

Note: Change in survival between year and (year-5).
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