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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 t, denoted TFR(t), is the average number of children a 

woman would have, if she followed the age-pattern of fertility experienced in year t. This 

measure assumes that all women survive over the entire reproductive ages. The Net 

Reproduction Rate in a given year, or NRR(t), relaxes this assumption controlling for female 

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

𝛽𝛽 (in HFD, this is from age 𝛼𝛼 = 12  to 𝛽𝛽 = 55) as 

𝑁𝑁𝑁𝑁𝑁𝑁(𝑡𝑡) =  ∫ 𝑚𝑚(𝑎𝑎, 𝑡𝑡)𝑙𝑙(𝑎𝑎, 𝑡𝑡)𝑑𝑑𝑑𝑑𝛽𝛽
𝛼𝛼 ,               (1) 

where 𝑚𝑚(𝑎𝑎, 𝑡𝑡) is the probability that a woman at age a will have a female child (maternity rate), 

and 𝑙𝑙(𝑎𝑎, 𝑡𝑡) is the probability of surviving to age a from birth, both at time t. The age-specific 

maternity rates can be further separated into the age-specific fertility rate, or 𝑓𝑓(𝑎𝑎, 𝑡𝑡), and 

proportion of female births to mothers age a, 𝑠𝑠(𝑎𝑎, 𝑡𝑡), as 𝑚𝑚(𝑎𝑎, 𝑡𝑡) = 𝑠𝑠(𝑎𝑎, 𝑡𝑡) 𝑓𝑓(𝑎𝑎, 𝑡𝑡). 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 𝑠𝑠(𝑡𝑡). 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 𝑚𝑚(𝑎𝑎, 𝑡𝑡) = 𝑠𝑠(𝑡𝑡) 𝑓𝑓(𝑎𝑎, 𝑡𝑡) , thus, Eq. 1 can be 

simplified to 

𝑁𝑁𝑁𝑁𝑁𝑁(𝑡𝑡) ≅  𝑠𝑠(𝑡𝑡) ∫ 𝑓𝑓(𝑎𝑎, 𝑡𝑡)𝑙𝑙(𝑎𝑎, 𝑡𝑡)𝑑𝑑𝑑𝑑𝛽𝛽
𝛼𝛼 .         (2) 

In Jiang et al.’s (2019) paper, they decompose the change in NRR into four components, 

namely: i) marital fertility rate; ii) proportion of married women; iii) proportion of newborn 

girls; iii) 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  

𝑁𝑁𝑁𝑁𝑁𝑁̇ (𝑡𝑡) = 𝑠𝑠(𝑡𝑡) ∫ 𝑓𝑓̇(𝑎𝑎, 𝑡𝑡)𝑙𝑙(𝑎𝑎, 𝑡𝑡)𝑑𝑑𝑑𝑑𝛽𝛽
𝛼𝛼 + 𝑠𝑠(𝑡𝑡) ∫ 𝑓𝑓(𝑎𝑎, 𝑡𝑡)𝑙𝑙(̇𝑎𝑎, 𝑡𝑡)𝑑𝑑𝑑𝑑𝛽𝛽

𝛼𝛼 + 𝑠̇𝑠(𝑡𝑡) ∫ 𝑓𝑓(𝑎𝑎, 𝑡𝑡)𝑙𝑙(𝑎𝑎, 𝑡𝑡)𝑑𝑑𝑑𝑑𝛽𝛽
𝛼𝛼 , (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 

𝑇𝑇𝑇𝑇𝑇𝑇(𝑡𝑡) = ∫ 𝑓𝑓(𝑎𝑎, 𝑡𝑡)𝑑𝑑𝑑𝑑β
α . 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 𝑙𝑙(𝑎𝑎, 𝑡𝑡) 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,  𝑙𝑙(𝑎𝑎, 𝑡𝑡) =

𝑝𝑝(1, 𝑡𝑡)𝑝𝑝(2, 𝑡𝑡) …𝑝𝑝(𝑎𝑎, 𝑡𝑡), with 𝑝𝑝(𝑎𝑎, 𝑡𝑡) = 𝑙𝑙(𝑎𝑎,𝑡𝑡)
𝑙𝑙(𝑎𝑎−1,𝑡𝑡) and the radix of the life table 𝑙𝑙(0, 𝑡𝑡) 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, 

𝑠𝑠(𝑡𝑡) ∫ 𝑓𝑓(𝑎𝑎, 𝑡𝑡)𝑙𝑙(̇𝑎𝑎, 𝑡𝑡)𝑑𝑑𝑑𝑑𝛽𝛽
𝛼𝛼 ≅ ∑ 𝑝̇𝑝(𝑥𝑥,𝑡𝑡)

𝑝𝑝(𝑥𝑥,𝑡𝑡) �𝑠𝑠(𝑡𝑡) ∫ 𝑓𝑓(𝑎𝑎, 𝑡𝑡)𝑙𝑙(𝑎𝑎, 𝑡𝑡)𝑑𝑑𝑑𝑑𝛽𝛽
𝑥𝑥 �𝛽𝛽

𝑥𝑥=1 . (4) 

From Eq. 4, we can find that for terms with the initial age lower than the lower bound of 

fertility age 𝑥𝑥 ≤ 𝛼𝛼, the relative derivative of probabilities of survival between two consecutive 

ages are weighted by full NRR (since α is the lower bound of fertility age and 𝑓𝑓(𝑎𝑎, 𝑡𝑡) is 0 below 

age α, so 𝑠𝑠(𝑡𝑡) ∫ 𝑓𝑓(𝑎𝑎, 𝑡𝑡)𝑙𝑙(𝑎𝑎, 𝑡𝑡)𝑑𝑑𝑑𝑑𝛽𝛽
𝑥𝑥  is equivalent to the full 𝑁𝑁𝑁𝑁𝑁𝑁(𝑡𝑡) = 𝑠𝑠(𝑡𝑡) ∫ 𝑓𝑓(𝑎𝑎, 𝑡𝑡)𝑙𝑙(𝑎𝑎, 𝑡𝑡)𝑑𝑑𝑑𝑑𝛽𝛽

𝛼𝛼 ). 

This weight would decrease with increasing age for terms above age 𝛼𝛼 and eventually becomes 

zero (𝑠𝑠(𝑡𝑡) ∫ 𝑓𝑓(𝑎𝑎, 𝑡𝑡)𝑙𝑙(𝑎𝑎, 𝑡𝑡)𝑑𝑑𝑑𝑑𝛽𝛽
𝛽𝛽 = 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 Myrskylä 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 Myrskylä 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. Results1 

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.  

1 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. A5). 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 t” (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 

𝑁𝑁𝑁𝑁𝑁𝑁(𝑡𝑡) =  ∫
𝑚𝑚(𝑎𝑎,𝑡𝑡)𝑙𝑙(𝑎𝑎,𝑡𝑡)𝑑𝑑𝑑𝑑𝛽𝛽

𝛼𝛼

∫ 𝑚𝑚(𝑎𝑎,𝑡𝑡)𝑑𝑑𝑑𝑑𝛽𝛽
𝛼𝛼

∙ ∫ 𝑚𝑚(𝑎𝑎, 𝑡𝑡)𝑑𝑑𝑑𝑑𝛽𝛽
𝛼𝛼 .              (1a) 

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

second half of Eq. 1a can be approximated as  

∫ 𝑚𝑚(𝑎𝑎, 𝑡𝑡)𝑑𝑑𝑑𝑑𝛽𝛽
𝛼𝛼 = ∫ 𝑓𝑓(𝑎𝑎, 𝑡𝑡)𝑠𝑠(𝑎𝑎, 𝑡𝑡)𝑑𝑑𝑑𝑑𝛽𝛽

𝛼𝛼 ≅ 𝑠𝑠(𝑡𝑡) ∫ 𝑓𝑓(𝑎𝑎, 𝑡𝑡)𝑑𝑑𝑑𝑑𝛽𝛽
𝛼𝛼 =  𝑠𝑠(𝑡𝑡)𝑇𝑇𝑇𝑇𝑇𝑇(𝑡𝑡), 

where 𝑇𝑇𝑇𝑇𝑇𝑇(𝑡𝑡) is total fertility rate in a given year/cohort t and, 

𝑁𝑁𝑁𝑁𝑁𝑁(𝑡𝑡) ≅ ∫ 𝑚𝑚(𝑎𝑎,𝑡𝑡)𝑙𝑙(𝑎𝑎,𝑡𝑡)𝑑𝑑𝑑𝑑𝛽𝛽
𝛼𝛼

∫ 𝑚𝑚(𝑎𝑎,𝑡𝑡)𝑑𝑑𝑑𝑑𝛽𝛽
𝛼𝛼

𝑠𝑠(𝑡𝑡)𝑇𝑇𝑇𝑇𝑇𝑇 (𝑡𝑡) = ∫ 𝑓𝑓(𝑎𝑎,𝑡𝑡)𝑙𝑙(𝑎𝑎,𝑡𝑡)𝑑𝑑𝑑𝑑𝛽𝛽
𝛼𝛼

∫ 𝑓𝑓(𝑎𝑎,𝑡𝑡)𝑑𝑑𝑑𝑑𝛽𝛽
𝛼𝛼

𝑠𝑠(𝑡𝑡)𝑇𝑇𝑇𝑇𝑇𝑇 (𝑡𝑡).         (1b) 

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

components, 

𝑁𝑁𝑁𝑁𝑁𝑁̇ (t) = (

∫ 𝑓𝑓(𝑎𝑎,𝑡𝑡)𝑙𝑙(𝑎𝑎,𝑡𝑡)𝑑𝑑𝑑𝑑𝛽𝛽
𝛼𝛼
∫ 𝑓𝑓(𝑎𝑎,𝑡𝑡)𝑑𝑑𝑑𝑑𝛽𝛽
𝛼𝛼

̇

∫ 𝑓𝑓(𝑎𝑎,𝑡𝑡)𝑙𝑙(𝑎𝑎,𝑡𝑡)𝑑𝑑𝑑𝑑𝛽𝛽
𝛼𝛼
∫ 𝑓𝑓(𝑎𝑎,𝑡𝑡)𝑑𝑑𝑑𝑑𝛽𝛽
𝛼𝛼

+ 𝑇𝑇𝑇𝑇𝑇𝑇(𝑡𝑡)̇

𝑇𝑇𝑇𝑇𝑇𝑇(𝑡𝑡) + 𝑆𝑆(𝑡𝑡)̇

𝑆𝑆(𝑡𝑡)) ∙ 𝑁𝑁𝑁𝑁𝑁𝑁(𝑡𝑡) .                   (1c) 

In Preston et al. (2000, p.153), they approximate ∫
𝑚𝑚(𝑎𝑎,𝑡𝑡)𝑙𝑙(𝑎𝑎,𝑡𝑡)𝑑𝑑𝑑𝑑𝛽𝛽

𝛼𝛼

∫ 𝑚𝑚(𝑎𝑎,𝑡𝑡)𝑑𝑑𝑑𝑑𝛽𝛽
𝛼𝛼

 as the probability of 

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 

∫ 𝑓𝑓(𝑎𝑎,𝑡𝑡)𝑙𝑙(𝑎𝑎,𝑡𝑡)𝑑𝑑𝑑𝑑𝛽𝛽
𝛼𝛼

∫ 𝑓𝑓(𝑎𝑎,𝑡𝑡)𝑑𝑑𝑑𝑑𝛽𝛽
𝛼𝛼

=
̇

∫ 𝑤̇𝑤(𝑎𝑎, 𝑡𝑡)𝑙𝑙(𝑎𝑎, 𝑡𝑡)𝑑𝑑𝑑𝑑𝛽𝛽
𝛼𝛼 + ∫ 𝑙𝑙(̇𝑎𝑎, 𝑡𝑡)𝑤𝑤(𝑎𝑎, 𝑡𝑡)𝑑𝑑𝑑𝑑𝛽𝛽

𝛼𝛼 , 

where 𝑤𝑤(𝑎𝑎, 𝑡𝑡) is  𝑓𝑓(𝑎𝑎,𝑡𝑡)

∫ 𝑓𝑓(𝑎𝑎,𝑡𝑡)𝑑𝑑𝑑𝑑𝛽𝛽
𝛼𝛼

, a weight function describing the age structure of the fertility rate. 

Thus, the growth of NRR at time t is expressed as, 

𝑁𝑁𝑁𝑁𝑁𝑁(𝑡𝑡)̇ = [∫
𝑙𝑙̇(𝑎𝑎,𝑡𝑡)𝑤𝑤(𝑎𝑎,𝑡𝑡)𝑑𝑑𝑑𝑑𝛽𝛽

𝛼𝛼

∫ 𝑙𝑙(𝑎𝑎,𝑡𝑡)𝑤𝑤(𝑎𝑎,𝑡𝑡)𝑑𝑑𝑑𝑑𝛽𝛽
𝛼𝛼

+ (∫
𝑤̇𝑤(𝑎𝑎,𝑡𝑡)𝑙𝑙(𝑎𝑎,𝑡𝑡)𝑑𝑑𝑑𝑑𝛽𝛽

𝛼𝛼

∫ 𝑤𝑤(𝑎𝑎,𝑡𝑡) 𝑙𝑙(𝑎𝑎,𝑡𝑡)𝑑𝑑𝑑𝑑𝛽𝛽
𝛼𝛼

+ 𝑇𝑇𝑇𝑇𝑇𝑇̇ (𝑡𝑡)
𝑇𝑇𝑇𝑇𝑇𝑇(𝑡𝑡)) + 𝑆̇𝑆(𝑡𝑡)

𝑆𝑆(𝑡𝑡)] ∙ 𝑁𝑁𝑁𝑁𝑁𝑁(𝑡𝑡),      (1d) 
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where the parentheses enclose the component related to the change in fertility, corresponding 

to 𝑠𝑠(𝑡𝑡) ∫ 𝑓𝑓̇(𝑎𝑎, 𝑡𝑡)𝑙𝑙(𝑎𝑎, 𝑡𝑡)𝑑𝑑𝑑𝑑𝛽𝛽
𝛼𝛼  in the main text. Therefore, we know that the fertility effect in Eq.3 

is 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 A1. 

 

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 t and (t-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 

𝑙𝑙(𝑎𝑎, 𝑡𝑡) can be expressed as the product of the probability of survival between age a-1 and a, 

𝑝𝑝(𝑎𝑎, 𝑡𝑡) (Canudas-Romo & Guillot, 2015), 

𝑙𝑙(𝑎𝑎, 𝑡𝑡) = 𝑝𝑝(1, 𝑡𝑡)𝑝𝑝(2, 𝑡𝑡) …𝑝𝑝(𝑎𝑎, 𝑡𝑡),             (2a) 

where 𝑝𝑝(𝑎𝑎, 𝑡𝑡) = 𝑙𝑙(𝑎𝑎−1,𝑡𝑡)
𝑙𝑙(𝑎𝑎,𝑡𝑡) , with the radix, 𝑙𝑙(0, 𝑡𝑡), equal to 1. Based on Eq. 2a, the change over 

time of 𝑙𝑙(𝑎𝑎, 𝑡𝑡) can be decomposed into,  

𝑙𝑙(̇𝑎𝑎, 𝑡𝑡) ≅ 𝑝̇𝑝(1,𝑡𝑡)
𝑝𝑝(1,𝑡𝑡) 𝑙𝑙(𝑎𝑎, 𝑡𝑡) + 𝑝̇𝑝(2,𝑡𝑡)

𝑝𝑝(2,𝑡𝑡) 𝑙𝑙(𝑎𝑎, 𝑡𝑡) + ⋯+ 𝑝̇𝑝(𝑎𝑎,𝑡𝑡)
𝑝𝑝(𝑎𝑎,𝑡𝑡) 𝑙𝑙(𝑎𝑎, 𝑡𝑡).       (2b) 

Next, we substitute 𝑙𝑙(̇𝑎𝑎, 𝑡𝑡) into the second term of Eq. 3 and rearrange the terms by 𝑝𝑝(𝑎𝑎, 𝑡𝑡), 

𝑠𝑠(𝑡𝑡) ∫ 𝑓𝑓(𝑎𝑎, 𝑡𝑡)𝑙𝑙(̇𝑎𝑎, 𝑡𝑡)𝑑𝑑𝑑𝑑𝛽𝛽
𝛼𝛼 ≅ 𝑝̇𝑝(1,𝑡𝑡)

𝑝𝑝(1,𝑡𝑡)  𝑠𝑠(𝑡𝑡) ∫ 𝑓𝑓(𝑎𝑎, 𝑡𝑡)𝑙𝑙(𝑎𝑎, 𝑡𝑡)𝑑𝑑𝑑𝑑𝛽𝛽
1 +

𝑝̇𝑝(2,𝑡𝑡)
𝑝𝑝(2,𝑡𝑡)  𝑠𝑠(𝑡𝑡) ∫ 𝑓𝑓(𝑎𝑎, 𝑡𝑡)𝑙𝑙(𝑎𝑎, 𝑡𝑡)𝑑𝑑𝑑𝑑𝛽𝛽

2 + ⋯+ 𝑝̇𝑝(𝛽𝛽,𝑡𝑡)
𝑝𝑝(𝛽𝛽,𝑡𝑡)  𝑠𝑠(𝑡𝑡) ∫ 𝑓𝑓(𝑎𝑎, 𝑡𝑡)𝑙𝑙(𝑎𝑎, 𝑡𝑡)𝑑𝑑𝑎𝑎𝛽𝛽

𝛽𝛽 =

∑ 𝑝̇𝑝(𝑖𝑖,𝑡𝑡)
𝑝𝑝(𝑖𝑖,𝑡𝑡) �𝑠𝑠(𝑡𝑡) ∫ 𝑓𝑓(𝑎𝑎, 𝑡𝑡)𝑙𝑙(𝑎𝑎, 𝑡𝑡)𝑑𝑑𝑑𝑑𝛽𝛽

𝑖𝑖 � 𝛽𝛽
𝑖𝑖=1 .           (4) 
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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 𝛽𝛽 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.   

 

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 t and (t-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 

 

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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Fig. A4 Contribution of the survival component to changes in net reproductive rate between 1950-1955 and 

1955-1960, all developed and developing countries available (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. A5 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 Myrskylä et al. (2013) and Lee-Carter model (1992). Refer to Table 1 for the forecasted birth cohorts in 

each country. 

***Please do not cite this draft without permission from the authors***

21 2021-11-22



Reference 

Angeles, L. (2010). Demographic transitions: Analyzing the effects of mortality on fertility. Journal of 

Population Economics, 23: 99-120. 

Becker, G.S. (1960). An economic analysis of fertility. In: Demographic and economic change in 

developed countries. National Bureau Conference series N10. Princeton University Press, 

Princeton. 

Bell, F.C., & Miller, M.L. (2005). Social Security Administration. Life Tables for the United States 

Social Security Area 1900-2100. ACTUARIAL STUDY NO. 120. Available at: 

https://www.ssa.gov/oact/NOTES/as120/TOC.html 

Bicego, G., Boerma, J.T., & Ronsmans, C. (2002). The effect of AIDS on maternal mortality in Malawi 

and Zimbabwe. AIDS, 16(7): 1078-1081. 

Bohk-Ewald, C., Li, P., & Myrskylä, M. (2018). Forecast accuracy hardly improves with method 

complexity when completing cohort fertility. Proceedings of the National Academy of Sciences, 

115(37), 9187-9192. 

Cai, Y. (2008). An assessment of China’s fertility level using the variable-r method. Demography, 

45(2): 271-281. 

Caldwell, J. C. (1976). Toward a restatement of demographic transition theory. Population and 

development review, 321-366. 

Canudas-Romo, V., & Guillot, M. (2015). Truncated cross-sectional average length of life: A measure 

for comparing the mortality history of cohorts. Population studies, 69(2), 147-159. 

Canudas-Romo, V., Liu, L., Zimmerman, L., Ahmed, S., & Tsui, A. (2014). Potential gains in 

reproductive-aged life expectancy by eliminating maternal mortality: a demographic bonus of 

achieving MDG 5. PloS one, 9(2), https://doi.org/10.1371/journal.pone.0086694 

Centers for Disease Control and Prevention, CDC. (2021). Demographic Trends of COVID-19 cases 

and deaths in the US reported to CDC. Retrieved March 31, 2021, from 

https://covid.cdc.gov/covid-data-tracker/ 

Chahnazarian, A. (1988). Determinants of the sex ratio at birth: Review of recent literature, Social 

Biology, 35:3-4, 214-235, DOI: 10.1080/19485565.1988.9988703.  

Cleland, J. (2001). The effects of improved survival on fertility: A reassessment. Population and 

development review, 27, 60-92. 

***Please do not cite this draft without permission from the authors***

22 2021-11-22

https://www.ssa.gov/oact/NOTES/as120/TOC.html
https://doi.org/10.1371/journal.pone.0086694
https://covid.cdc.gov/covid-data-tracker/
https://doi.org/10.1080/19485565.1988.9988703


Davis, M. (1972). The theory of change and response in modern demographic history. Population index, 

29: 345-366. 

Dublin, L.I., & Lotka, A.J. (1925). On the true rate of natural increase. Journal of the American 

Statistical Association, 20(151), 305–339. 

Espenshade, T.J., Guzman, J.C. & Westoff, C.F. (2003). The Surprising Global Variation in 

Replacement Fertility. Population Research and Policy Review 22, 575–583. 

https://doi.org/10.1023/B:POPU.0000020882.29684.8e 

Garenne, M.L., Tollman, S.M., Collinson, M.A., & Kahn, K. (2007). Fertility trends and net 

reproduction in Agincourt, rural South Africa, 1992-2004. Scandinavian Journal of Public 

Health, 35(69): 68-76. 

Glass, D.V. (1973). Numbering the people. The Eighteenth-century Population Controversy and the 

Development of Census and Vital Statistics in Britain. pp.170. 

Hamilton, B.E., & Kirmeyer, S.E. (2017). Trends and variation in reproductive and intrinsic rates: 

United States, 1990-2014. National Vital Statistics Reports, 66(2), 1-14. 

Heesterbeek, J.A.P. (2002). A brief history of R0 and a recipe for its calculation. Acta Biotheoretica, 

50: 189-204. 

Human Fertility Database (2021). Human Fertility Database. University of California, Berkeley (USA), 

and Max Planck Institute for Demographic Research (Germany). Available: 

https://www.humanfertility.org. 

Human Mortality Database (2021). Human Mortality Database. University of California, Berkeley 

(USA), and Max Planck Institute for Demographic Research (Germany). Available: 

http://www.mortality.org. 

Inaba, H. (2009). The net reproduction rate and the type-reproduction number in multiregional 

demography. Vienna Yearbook of Population Research, 7: 197-215. 

James, K. S. (2011). India’s demographic change: opportunities and challenges. Science, 333(6042), 

576-580.  

Jiang, Q., Yang, S., Li, S., & Feldman, M. W. (2019). The decline in China’s fertility level: A 

decomposition analysis. Journal of biosocial science, 51(6), 785-798. 

***Please do not cite this draft without permission from the authors***

23 2021-11-22

https://doi.org/10.1023/B:POPU.0000020882.29684.8e
https://www.humanfertility.org/
http://www.mortality.org/


Keilman, N., Tymicki, K., & Skirbekk, V. (2014). Measures of human reproductive should be linked 

to both men and women. International Journal of Population Research, 2014. 

https://doi.org/10.1155/2014/908385 

Kirk, D. (1996). Demographic transition theory. Population studies, 50(3), 361-387. 

Kohler, H-P., Billari, F.C., & Ortega, J.A. (2002). The emergence of lowest-low fertility in Europe 

during the 1990s. Population and Development Review, 28(4): 641-680. 

Kuczynski R. R. (1928). The Balance of Births and Deaths. Volume I. Western and Northern Europe, 

New York: The Macmillan Company. 

Kuczynski R. R. (1932). Fertility and Reproductive: Measuring the balance of births and deaths. 

Falcon Press. p. 15. 

Lathrop, E., Jamieson, D. J., & Danel, I. (2014). HIV and maternal mortality. International Journal of 

Gynecology & Obstetrics, 127(2), 213-215. 

Lee, R., & Carter, L. (1992). Modeling and Forecasting U. S. Mortality. Journal of the American 

Statistical Association, 87(419), 659-671. doi:10.2307/2290201 

Lee, R. (2003). The demographic transition: three centuries of fundamental change. Journal of 

economic perspectives, 17(4), 167-190. 

Lewes, F.M.M. (1984). A note on the origin of the net reproductive ratio. Population Studies, 38(2): 

321-324. 

Mathews, T. J., & Hamilton, B. E. (2005). Trend analysis of the sex ratio at birth in the United States. 

National vital statistics reports, 53(20), 1-17. 

Myers, R. J. (1954). The effect of age of mother and birth order on sex ratio at birth. The Milbank 

Memorial Fund Quarterly, 32(3), 275-281. 

Myrskylä, M., Goldstein, J. R., & Cheng, Y. H. A. (2013). New cohort fertility forecasts for the 

developed world: Rises, falls, and reversals. Population and Development Review, 39(1), 31-

56. 

Newton, I. (1704). Opticks: Or, A Treatise of the Reflexions, Refractions, Inflexions and Colours of 

Light. Appendix: Tractatus de Quadratura Curvarum [On the Quadrature of Curves]. 

Preston, S., Heuveline, P., & Guillot, M. (2001). Demography: measuring and modeling population 

processes. Malden, MA: Blackwell Publishers. 

***Please do not cite this draft without permission from the authors***

24 2021-11-22



Rueness, J., Vatten, L., & Eskild, A. (2012). The human sex ratio: effects of maternal age. Human 

Reproductive, 27(1), 283-287. 

Preston, S. H., & Wang, H. (2007). Intrinsic growth rates and net reproduction rates in the presence of 

migration. Population and Development Review, 33(4), 357-666. 

Schoen, R. (2004). Timing effects and the interpretation of period fertility. Demography 41, 801–819. 

https://doi.org/10.1353/dem.2004.0036 

Vaupel, J.W., & Canudas-Romo, V. (2003). Decomposing change in life expectancy: A bouquet of 

formulas in honor of Nathan Keyfitz’s 90th birthday. Demography, 40(2), 201-216. 

UNAIDS. (2021). AIDSinfo. Retrieved March 31, 2021, from https://aidsinfo.unaids.org/ 

United Nations, Department of Economic and Social Affairs, Population Division. (2019a). World 

Population Prospects 2019, Online Edition. Rev. 1. 

United Nations, Department of Economic and Social Affairs, Population Division. (2019b). World 

Population Prospects 2019: Methodology of the United Nations population estimates and 

projections (ST/ESA/SER.A/425) 

World Health Organization. (2021). Weekly epidemiological update on COVID-19 - 4 May 2021. 

https://www.who.int/publications/m/item/weekly-epidemiological-update-on-covid-19---4-

may-2021 

***Please do not cite this draft without permission from the authors***

25 2021-11-22

https://aidsinfo.unaids.org/


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

Country 
Mother’s birth 

cohorts 

Forecasted mother’s 

birth cohorts 
Calendar years Source 

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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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 t and (t-5). Completed fertility and mortality for cohorts born after dashed line is forecasted using the 

five-year extrapolation method by Myrskylä 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 t and (t-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 t and (t-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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