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Abstract

This study aims to understand trends in global fertility from 1950-2010 though the analysis
of age-specific fertility rates. This approach incorporates both the overall level, as when the
total fertility rate is modeled, and different patterns of age-specific fertility to examine the
relationship between changes in age-specific fertility and fertility decline. Singular value
decomposition is used to capture the variation in age-specific fertility curves while reducing
the number of dimensions, allowing curves to be described nearly fully with three parame-
ters. Regional patterns and trends over time are evident in parameter values, suggesting
this method provides a useful tool for considering fertility decline globally. The second and
third parameters were analyzed using model-based clustering to examine patterns of age-
specific fertility over time and place; four clusters were obtained. A country’s demographic
transition can be traced through time by membership in the different clusters, and regional
patterns in the trajectories through time and with fertility decline are identified.

Introduction

Fertility change remains an area of concern for demographers and policymakers in large part
due to the continued rapid growth of the world population, set to reach 9.7 billion by 2050
with over 50% of growth occurring in sub-Saharan Africa (SSA), predominantly driven by
slow fertility decline [1]. Demographic transition theory posits that once begun fertility decline
should be relatively steady and irreversible, and most demographers agree that fertility decline
had begun virtually everywhere by the late 1980s [2] or the 1990s [3], even in SSA. However,
SSA fertility has remained high and stalls in fertility decline have been identified in some coun-
tries (for example see [4]) posing a challenge for reconciling SSA fertility trends with what
demographic transition theory would predict. Fig 1 shows trends in total fertility rates (TFR)
for the world and world regions from 1950-55 until 2005-10, showing the decline across all
regions, though with substantially different slopes. Analysis of the convergence of fertility has
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that no competing interests exist. though high fertility in SSA has been an outlier in global fertility convergence for decades [5].
While most literature that seeks to characterize and understand fertility transition focuses

on the TFR, a single number for a place and time, the TFR is built from age-specific fertility
rates (ASFR). ASFRs compose the fertility regime that is under analysis when one looks at the
TFR. However, very different age patterns of fertility can produce the same TFRs, as can be
seen in Fig 2, and the age pattern of fertility, and how it changes, is important for understand-
ing fertility change in a population. In the first panel of Fig 2 six age-specific fertility curves
corresponding to a TFR of 2.8 are shown. These curves are quite distinct from one another,
with some curves, such as the Dominican Republic, Singapore and North Korea being very
peaked, with fertility concentrated in a single age group, while others such as South Africa
and Albania have highest fertility spanning at least 2 age groups. In the second panel curves
corresponding to a TFR of 5.7 are shown, and these curves vary even more widely, with some
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Fig 1. Trends in TFR by world region, with sub-regions for sub-Saharan Africa. Data from UN World Population Prospects [6].
https://doi.org/10.1371/journal.pone.0190574.9001

PLOS ONE | https://doi.org/10.1371/journal.pone.0190574  January 29, 2018 2/19


https://doi.org/10.1371/journal.pone.0190574.g001
https://doi.org/10.1371/journal.pone.0190574

@' PLOS | ONE

Parsimonious characterization of change in global age-specific and total fertility rates

Age Specific Fertilty Rate (ASFR)

300

250

200

150

100

50

(a) Total Fertility Rate (TFR) 2.8 (b) Total Fertility Rate (TFR) 5.7

— Nicaragua 2005-2010
—— South Africa 2005-2010
—— Albania 1990-1995
—— North Korea 1980-1985 o
p— —— Singapore 1970-1975 o —
| [sp]
o
p— n —
A
—
[any
%)
o
(0]
=
©
o
>
=
kel
o]
_ w 3 -
[3) —
=
[&]
(0]
Q
(2]
4 (0]
o
< o
— o —
—
—] (= J—
) \
Libya 1985-90
Indonesia 1955-1960
Haiti 1985-1990
South Africa 1965-1970
Tunisia 1975-1980
— O —

[ I [ [ [ [
15-19

25-29 35-39 45-49 25-29 35-39 45-49

Age Age

Fig 2. Example age-specific fertility curves producing the same total fertility rate. The first panel shows a selection of age-specific fertility
curves that create a total fertility rate of 2.8; the second panel shows different curves that sum to a total fertility rate of 5.7. Data from UN World
Population Prospects [6].

https://doi.org/10.1371/journal.pone.0190574.9002

starting with very high fertility at youngest ages and others having relatively high late fertility.
Generally, fertility decline created through the control of fertility has been hypothesized to
decline at older ages first, followed by a decline at the youngest ages. Knodel found evidence of
this pattern in Europe and in most of Asia [7]. Applying this pattern to Fig 2, one would theo-
rize that South Africa 1965-70 and Indonesia 1955-60 have started decline and seen a drop in
older age fertility, perhaps, while Libya and Tunisia still have high fertility at all ages. It would
be difficult to assess Haiti’s curve, which is relatively low at youngest ages but high at older
ages. The decline in Latin America, generally, did not have a consistent pattern of changes in
ASFRs, with countries falling broadly into three categories of ASFRs at the beginning of fertil-
ity decline, defined as early peak, late peak and dilated peak by Chackiel and Schokolnik [8],
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with many countries maintaining the age structure they had at the beginning of decline. Other
countries changed over time, transitioning from dilated to early peak, late to early peak, and
others from a late to dilated peak [8]. Caldwell and colleagues argue that fertility decline in
SSA will occur in a very different way compared to Asia and the West, due to different con-
straints on premarital and extramarital sexuality, differences in marital stability, and different
emphases on the need and reasons for birth spacing; and they hypothesize that in SSA the fer-
tility decline will occur at all ages [3]. Van de Walle and Foster [9] compared SSA fertility pat-
terns to patterns seen in Western and Asian fertility declines, particularly marked decline at
oldest ages and/or highest parities, and found “considerable uncertainty about the causes and
permanence of these trends”, indicating, at least in part, that SSA was not exhibiting the pat-
terns associated with early fertility decline seen by Knodel [7] or others. More recent work by
Moultrie and colleagues [10] has found widening birth intervals at all ages and parities associ-
ated with fertility decline in SSA, supporting Caldwell and colleagues’ [3] claims of differences
in the SSA decline, at least in part. However, questions remain about how SSA age-specific fer-
tility curves fit into a global context.

The question our approach is seeking to address is, can we find commonalities in how age-
specific fertility changes across world regions and across time, and do these patterns provide
insight into the future of fertility in areas with persistent high fertility? This paper seeks to
address primarily the first portion of this question by applying a novel approach to investigat-
ing age-specific fertility over time and across countries and searching for patterns that can be
associated with fertility decline.

This paper aims to present an analytical approach to understanding global fertility trends
from 1950-2010 utilizing age-specific fertility rates, from the UN World Population Prospects.
To create a quantitative chasracterization of fertility schedules for comparison through time and
across countries, we consider the ASFRs rather than the TFR. This approach acknowledges the
different ASFRs that may aggregate to similar TFRs but mean something different about fertility
transition or decline. This approach is similar to methods used in previous work by the authors
and their colleagues [11-14] and makes use of singular value decomposition (SVD) to decom-
pose age-specific fertility curves and reduce the number of parameters needed to describe them.

Other methods have been used to investigate age patterns of fertility. Coale and Trussell’s
[15] model of age-specific fertility rates based on first marriage patterns and martial age-
specific fertility and estimates of m, their parameter capturing the magnitude of difference
between observed and model marital fertility schedules, has been used to determine the level
of fertility control in a population. However, this approach is focused on marital fertility,
which, given the data available and importance of non-marital fertility in the most recent
decades, is of limited interest in understanding recent fertility trends or for making fertility
projections. The Lee-Carter method for fertility projection, based on their mortality projection
method, applies SVD to the age-specific residual remaining after subtracting mean age-specific
fertility [16]. Their approach is similar to the one used in this paper but our approach is impor-
tantly different. We do not mean-subtract the age-specific fertility rates; we compute the SVD
of the age-specific data directly; and we use more than the first component because of our
interest in better understanding the changes in age-specific fertility over time, rather than
building a projection model for the TFR, as was the aim of Lee’s fertility models. Hyndman
and Ullah [17] build on the Lee-Carter method, extending it to functional data by conducting
a functional PCA on smoothed data and using ARIMA models for the forecasting. A major
difference in our approach is that we are including fertility regimes from multiple countries
over time, instead of looking at just one country’s regimes. We are not smoothing our data in
any fashion, though the data are already smoothed, somewhat, as these fertility data undergo
some manipulation before publication by the UN.
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We begin by describing the data we will be using in this analysis. Next we will describe the
SVD method used as applied to age-specific fertility curves. Then we will present an illustrative
example of this approach using data from Sweden. Then we will show results from applying
this method to fertility curves through time for 154 countries and discuss global patterns iden-
tified using this approach. Finally, we conclude with a discussion of our findings.

Materials and methods
Data

Data used for this analysis come from the UN’s World Population Prospects (WPP) 2012 Revi-
sion [6]. ASFRs are provided for all countries in five year intervals from 1950-55 to 2005-10
for five year age groups (ages 15-19 to ages 45-49). Countries with a population of at least

one million were included in the analysis; 154 countries met this criterion. Three countries,
Yemen, Gabon and Timor-Leste, had outlier TFR trajectories that suggested problems with
their data or extremely exceptional fertility trends, so they too were excluded. Six age-specific
fertility rates are used (age 15-19 years, 20-24 years, 25-29 years, 30-34 years, 35-39 years, and
40-44 years) for the 12 time periods. The last age group, ages 45-49, was omitted from this
analysis because the fertility rates for that age group were close to zero, or were zero, and inclu-
sion greatly influenced the results of the analysis at the expense of details related to fertility at
earlier and higher fertility ages. Because our model operates on the full real line and fertility
rates are positive, logged ASFRs are used for the analysis. A consequence of this is that the val-
ues we model are all negative which influences the interpretation of our results. All visualiza-
tions show exponentiated results, however, so as to be directly comparable to age-specific
fertility curves on their natural scale.

Data from the UN WPP are the most complete data available for global fertility and provide
data for 50 years for all countries in the world, despite the fact that these data are already pro-
cessed, and to an extent, smoothed by the UN. No other data cover as much time for the globe.
Additionally these are the same fertility data used by the UN Population Division to inform
their global estimates and population projections, and thus finding patterns and understand-
ing the trends in these data will be useful for informing predictions of fertility. These same
data have been used in comparative analyses of fertility trends elsewhere as well, for example
[5, 18, 19]. These data are available directly from the UN WPP website: http://esa.un.org/
unpd/wpp/.

An illustrative example is presented below using data from the Human Fertility Collection
[20]. Swedish data provide annual age-specific fertility from 1891-2011 for each age 15-50
years. These data were chosen for illustrative purposes because of their high quality over a
duration that covers high fertility through decline to replacement and the period of below-
replacement fluctuations, thus allowing a full view of fertility change by year. These data are
also available online: http://fertilitydata.org.

Methods

This section summarizes the material in Clark [13] which presents this method and its applica-
tion in full detail.
The singular value decomposition (SVD) (e.g. [21]) factorizes a matrix X such that

X =USV", (1)

where U contains the orthonormal (independent, unit length) ‘left singular vectors’ u;
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(columns of U), V contains the orthonormal (independent, unit length) ‘right singular vectors’
v; (columns of V), and S is a diagonal matrix containing the ‘singular values’, denoted as s;.

The right singular vectors are a new set of orthonormal dimensions for the points defined
by the rows of X. The product of the left singular vectors and their corresponding singular
values are the projections of the points defined by the rows of X along the new dimensions
defined by the right singular vectors.

The SVD is estimated by minimizing the distance between the actual points (rows of X)
and the best approximations of those points using successively more of the new dimensions
defined by V. The singular values correspond to the fraction of the overall squared distance
from the origin to the points along the new dimensions V that is captured by each individual
new dimension v;. The first new dimension is oriented to capture as much of this perpendicu-
lar squared distance as possible, and each successive new dimension captures the most possible
of what remains.

The product of the SVD factors can be algebraically rearranged to yield another equivalent
expression called the Eckart-Young-Mirsky formula [22]

p
X= Z swy, . (2)
i=1

Eq (2) expresses X as a sum of rank-1 matrices, where p is the rank of X. By construction
(above) the first term in this sum captures or explains the bulk of the variation in the original
data (rows of X), and each subsequent term explains less and less. The expression for X in Eq
(2) can be further rearranged to express each column vector x, in X as

p
X, = Zsivfiui : (3)
i=1

Eq (4) says that we can write all the columns in X as weighted sums of the left singular vectors
scaled by their corresponding singular values. The weights are the £ elements of each corre-
sponding right singular vector. Moreover, the Eckart-Young-Mirsky matrix approximation
theorem [22] reveals that these sums have the property of concentrating most of the variation
in the first few terms, and consequently we only need the first few terms to produce approxi-
mate values for x, that are very close to the actual values. This allows us to closely approximate
the columns of X with (potentially very) few effective parameters—just the first few weights.

Using the SVD, the 6 x 1,848 (age x country, time) matrix of ASFRs from the UN WPP
data is factored into i € {1, .. ., 6} orthogonal age-varying components s; - u; (the left singular
vectors scaled by their corresponding singular values, six elements each, one for each age
group) and country-time-varying weights associated with those components, the 1,848 ele-
ments of each v;.

Following [13], the first component s; - u; is the underlying ‘shape’ of the age-specific fertil-
ity schedules (s;u; in Fig 3), and the remaining components define increasingly subtle refine-
ments to that underlying shape. As the Eckart-Young-Mirsky matrix approximation theorem
suggests, adding additional components, or terms to the sum in Eq (4), adds increasingly more
refined but less consequential nuances to the reconstructed fertility schedule, until when all
components are included, the reconstruction is equal to the original. In this application we are
retaining the first three components, syu;, s,u, and ssu;, shown in Fig 3. s;u; can be seen to
have the general shape an age-specific fertility curve, while s,u, decreases (or increases) early
or late fertility and s;u; accentuates how peaked or flat the curve is. The adjustments made
by the second and third components are relatively subtle refinements (dependent on the
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Fig 3. First three components (scaled left singular vectors) from SVD factorization of age-specific fertility schedules. Data from the UN
WPP [6] for 154 countries in five year intervals from 1950-55 to 2005-10 for five year age groups.

https://doi.org/10.1371/journal.pone.0190574.9003

magnitude of their v; values) but provide important differentiation between age-specific fertil-
ity curves over time and across countries.

The first three left and right singular vectors and singular values closely approximate the
majority of the 1,848 empirical fertility schedules included in the matrix originally factored
using the SVD. Consequently, the model of age-specific fertility that we manipulate is

3
fct = Z Viee * Sill (4)
i=1

where £, is the age-specific fertility schedule for country ¢ in time period ¢, and i indexes the
three SVD-derived age-specific components that we retain. The columns of the original data
matrix X are country and time-specific; hence each column is identified by a unique combina-
tion of cand ¢.
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The SVD factorization allows us to work with a high quality, three-parameter approxima-
tion of the full age-specific fertility schedules. Beyond having fewer dimensions, the SVD fac-
torization produces effective parameters, the v weights, that are independent and interpretable
because they are associated with fixed age-specific components whose age profiles are
meaningful.

1. v; controls the overall level of fertility: as v; increases, fertility decreases (because we model
logged fertility rates)

2. v, controls the comparative levels of young and old fertility: as v, increases fertility shifts to
older ages

3. v3 controls how concentrated fertility is near the middle of the childbearing years, or how
‘peaked’ the age profile of fertility is: as v; increases, the age profile of fertility becomes less
concentrated in the middle childbearing years.

We describe how the weights (elements of the right singular vectors) change through time
by country and region, and using the mc1lust model-based clustering method, we group the
two-element ‘weight vectors’ associated with each age-specific fertility schedule into clusters
of similar weight vectors, and hence similar fertility schedules. Model-based clustering is con-
ducted using the mclust package in R [23] on the second and third weights selected from the
SVD results. Bayesian Information Criteria (BIC) is used to select the optimal number of clus-
ters. Each resulting cluster has its own characteristic age pattern of fertility.

Results

Illustrative example with data from Sweden

Data for Sweden available from the Human Fertility Collection [20] cover high fertility in the
1890s through Sweden’s initial fertility decline, baby boom and post-transition, low fertility
years, thus providing a time series that covers nearly all of Sweden’s fertility decline (data are
not available for the highest levels of fertility and so there is no data included for fertility levels
near pre-transition levels seen in non-Western regions). Fig 4 shows Sweden’s TFR over time
for the data used.

Using the Swedish data, we obtain similar components from the SVD (see Fig 5(a)) as
we see in Fig 3 for the UN WPP data. The main difference is that the curves are much
smoother because age is in single years. Additionally, we see even more nuance in the sec-
ond and third components. For the UN WPP data, we retain three out of six total compo-
nents, however for Sweden we achieve a similar level of detail retaining three out of 35
components (more total components are obtained for Sweden because the initial matrix is
121 years by 35 ages). Component two is primarily functioning to accommodate lower early
fertility and higher later fertility (or the opposite for weights of opposite sign) though we
see some nuance in how this is affecting the oldest age groups, seeing that at the oldest age
group’s fertility is not changing. The third component has a similar structure here as for the
UN WPP data, though more nuance through the 20s and 30s, the ages of highest fertility
across this data.

Panel b in Fig 5 shows how the weights on the first component change with time. Generally
this weight is increasing, which corresponds to a decline in overall fertility levels, and peaks in
the 80s and 90s before declining in the most recent years, which is consistent with the TFR
over those years. Additionally we can see breaks in the pattern of declining fertility corre-
sponding to World War II and the baby boom, and to a lesser extent World War I and the
global flu pandemic of 1918.
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Fig 4. Total fertility rate for Sweden from 1891 to 2011. Data from the Human Fertility Collection [20].
https://doi.org/10.1371/journal.pone.0190574.g004

Panels c and d in Fig 5 show the weights for the second and third components over time. Of
note is that even for these more nuanced components we can see visible impacts of historical
events. The weights on the second component have a noticeable increase around the end of
World War I and the 1918 flu, with a less distinct one occurring around the end of World War
I1, indicating a relative increase in fertility at later ages (or a shift in the peak fertility ages to
slightly older ages). Otherwise the weights are declining regularly from the beginning of the
data through the early 1970s passing through zero, which indicates shifts to lower fertility at
older ages and a shift of peak fertility to younger ages. From the 1970s, the trend reverses
completely, with a steady increase in the values of the weights, even passing into positive values
again, though there is a notable blip around the late 1980s. Increases in the values of v, are
associated with a shift towards higher fertility in later years. The third component similarly
starts declining from the beginning of time under study, which corresponds to a flattening of
the age-specific fertility curve. However, third component weights are quite volatile from the
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Fig 5. SVD results for Swedish ASFR 1891-2011. (a) Scaled left singular vectors, showing the first 3 of 35 components from the SVD; (b)
Weights (v;) associated with the first component (s;uy); (c)Weights (v,) associated with the second component (s,u,); (d) Weights (v3)
associated with the third component (ssus).

https://doi.org/10.1371/journal.pone.0190574.9005

late 1930s through the 1960s, taking on a strange shape. Following 1960, these weights incline
steadily, corresponding to fertility being concentrated in fewer ages, or a more pronounced

peak in the curve. Likely, the trends seen starting in the late 60s for these weights are associated

with the availability of modern contraception profoundly shaping fertility behaviors.

Results for global fertility trends from 1950-55 through 2005-10

Results from SVD. Fig 3 plots the shapes of the age-specific curves of the first three com-
ponents, denoted as s;u;. The first component captures the overall shape of the curve of fertility
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with age, rising steeply from the first age group to a peak in the second through fourth age
groups, and steadily declining thereafter. The weights on s;u, are all positive. Larger weights
on su; result in lower fertility, pulling the curve down, and smaller weights result in higher
fertility, pushing the curve up.

The second component adjusts the earliest and oldest age groups, to accommodate higher
or lower early or late fertility, while the third component adjusts the peak fertility age, in the
20s and early 30s, either flattening the curve or intensifying the peak. Positive weights for the
spu, curve bring fertility down in the earliest age groups while simultaneously pulling up fertil-
ity at later ages, leaving fertility levels at the second age group unchanged (the opposite would
occur with a negative weight on s,u,, pulling up earliest fertility while suppressing later fertility
and effectively shifting peak fertility to younger ages (negative) or to older ages (positive)).
Similarly, depending on the sign of the weight on s;u3, combining this curve with s;u; accentu-
ates/de-accentuates peak fertility, pushing up the fertility rates at the peak ages while suppress-
ing fertility at the extreme ages. Subsequent components made further, more complex and
more subtle adjustments to the basic curve given by su;.

SVD weights over time. The country-time specific SVD-derived weights, v;,, are a parsi-
monious description of country-specific changes in age-specific fertility rates. Panel (a) in Fig
6 shows the weights for the first component for each country over time, with the color indicat-
ing the world region. Higher values of v;., are associated with lower overall fertility and the
median curve shown in black shows that values of v;., have been steadily increasing globally
since the 1960s. Though world regions do overlap, we can see distinctly that SSA countries are
predominantly at the bottom of the plot, with the lowest values of v;,, through time and with
the smallest increase over time. The West, comprised of the US, Canada, Australia, New Zea-
land and Europe, had some of the highest values for this weight in the earliest years and has
maintained, after a rise in the 1960s and 1970s, high values for this weight. For East Asia we
can see a dramatic increase from low levels to the highest values of v;,.

Weights on the second component are largely centered around zero and the variance is
much smaller than seen for v, in Panel (b) of Fig 6. Looking at the way v,., changes over
time for each country, colored by world region, we do not see the regional patterns that are
present in the relationship between v, and time. However, SSA countries seem highly con-
centrated near zero, in contrast to other regions that experience more variation in values of
Vs over time. This clearly reveals the lack of age-specific fertility change in SSA compared
to other world regions. Tracking individual country lines through time, there appear to be
substantial changes in values of v, period to period as well as a wide variety of patterns for
overall time trends. Some patterned behavior can be seen for both East Asia and the West,
while most other world regions exhibit far less variability and less dramatic change over
time.

Weights on the third component, v;., over time for each country are shown in Fig 6 Panel
(). Like the second component, these weights are largely concentrated around zero and
regional patterns for changes in v;,, over time do not seem particularly pronounced, though
SSA countries seem concentrated just to the positive side of zero, while East Asia and the West
seem to have much higher volatility in values and predominantly negative values for v;. As
the third component is responsible for how peaked the fertility curves are, we see that SSA val-
ues are associated with flatter curves, or curves with peaks that span over multiple age groups,
while the West and especially East Asia have curves that are quite peaked with highest fertility
occurring in only one age group. This corresponds to general patterns of low overall fertility in
these areas, one to two births, often relatively close together while in SSA the highest fertility
years span more ages as women tend to have more than two children with sometimes substan-
tial spacing [2].
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Fig 6. Weights on each component by country from 1950-55 through 2005-2010. (a) Shows the first component weights, v, (b) shows the
second component weights, v,.; and (c) shows the third component weights, v5,. Colors indicate world region: red for sub-Saharan Africa,
orange for East Asia, yellow for South Asia, light green for Latin America and the Caribbean, green for the West, and blue for the Middle East
and North Africa.

https://doi.org/10.1371/journal.pone.0190574.g006

Clustering results. The weighted first component describes the overall level on an age-
specific fertility curve. The exponentiated v;.s1u; curves for the 1848 country-periods
included in the data is shown in Fig 7. This curve shows the age-specific fertility curve recon-
structed from only the first component and the curve created using the median values for v,
is shown in black. As seen above, this component functions much like TFR, capturing fertility
levels. To explore how, independent of fertility level, age patterns of fertility may be similar
or different across time and place, we have clustered the weights for the second and third
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Fig 7. Age-specific fertility curve reconstructed from first component only. Median age-specific fertility curve constructed from the first
SVD component only shown in black. All curves constructed for each county and time period shown in gray.

https://doi.org/10.1371/journal.pone.0190574.9007

components, which capture differences in young and old fertility and how peaked the fertility
curve is. Four clusters of similar age-specific fertility curves were obtained from clustering vec-
tors of the second and third weights. The reconstructed, exponentiated curves obtained are
shown in Fig 8, which shows the median curves created by looking at the weighted second and
third components for each cluster, with the interquartile range shaded and extrema values
shown as dotted lines. Effectively, these curves show the variation seen in that cluster net of the
basic age-specific fertility curve provided by the first component.

The Traditional cluster has the most classic curve, with minimal variation from the curve
created by the first component. This cluster has the highest median fertility, with a TFR of 6,
but has curves with a wide range of TFRs, from 0.9 to 8.3. In this cluster, peak fertility occurs
at ages 25-29 years, and highest fertility spans ages 20 through 34 years. Fertility is relatively
low in the youngest ages and declines steadily and gradually through the 30s and 40s, with
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Fig 8. Changes to general age-specific fertility curve by cluster. Median exponentiated reconstructed curve is shown with interquartile range
shaded and dotted lines showing extrema values for combined changes to the base age-specific fertility curve by including weighted components
2 and 3 for each of the 4 clusters: (a) the Traditional Curve cluster; (b) Peaked cluster; (c) Early High cluster; and (d) Late High cluster. These
curves show the cluster characteristic deviations from the first component curve; values of 1 represent no change to the base curve.

https://doi.org/10.1371/journal.pone.0190574.g008

fertility at the oldest age group lower than that of the youngest age group. Most SSA curves are
in this cluster, and all world regions have curves in this cluster. The Traditional cluster was the
largest cluster with 956 age-specific fertility regimes.

The Peaked cluster diverges from the basic curve obtained by the first component with a
distinctive peak in the middle reproductive years after a rather sharp increase from low early
fertility and a relatively sharp decline afterwards. The median curve places this distinct peak at
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ages 25-29, though curves in this cluster may have earlier peaks, later peaks or peaks that span
more than one age group. This cluster had the fewest members, 119 fertility regimes, though
there is substantial variation in the shape of these curves despite the unifying peak. The median
TEFR for these curves is 3.0 but TFRs ranged from 1.0 to 8.0 in this cluster. This cluster contains
no curves from Latin America and the Caribbean or from SSA.

The Early High cluster is named for its higher fertility at early ages. The median TFR for its
504 member curves was 2.4, over a range of 1.2 to 7.6. The median curve for this cluster peaks
at ages 20-24 and then declines steadily. Generally, these curves have a slight decrease or even
an increase in fertility from ages 20-24 to ages 25-29 followed by a gradual decline to the oldest
ages (some with very slow decline). Curves from all regions except East Asia are represented in
this cluster.

The Late High cluster is named for its higher fertility at older ages. These curves are similar
to those in the Traditional cluster, but while the curves in the Traditional cluster have fertility
concentrated at and before ages 25-29 years, in this cluster’s curves fertility is concentrated in
ages 25-29 and 30-34 years. Also, fertility at the youngest ages is lower in this cluster than in
the Traditional cluster. TFRs for these curves range from 1.2 to 8.4 for the 269 member curves,
and median TFR is 4.3. No curves from Latin America and the Caribbean are included in this
cluster.

Fig 9 shows the TER trends for selected countries from 1950-55 through 2005-10 with the
associated cluster membership shown for each period. Three countries from SSA are shown
here, Kenya, Togo and South Africa, chosen because of their evident fertility decline in the
past few decades. Kenya and Togo are in the Traditional cluster for all the periods shown
here, indicating they kept a relatively stable age-specific fertility regime through their fertility
declines. South Africa started in the Late High cluster in the initial periods covered but has
been categorized as Traditional since 1965-70 and throughout its decline to near replacement
fertility. This pattern is consistent with that seen for Iran, also shown, which had a precipitous
decline without changing from its categorization in the Traditional cluster, indicating minimal
changes to its age-specific fertility curve. Sri Lanka, as well, was categorized in the Traditional
cluster throughout its fertility decline, except for one period (1975-80) that was categorized
as Late High. Argentina’s fertility was largely stalled throughout the period under study with
some decline to replacement levels seen towards the end of the study period; Argentina’s fertil-
ity curves were categorized as Traditional for all periods under study. South Korea and Sweden
are included for comparison. South Korea is an example of a country with many Peaked fertil-
ity curves. Early South Korean curves were categorized as Late High and then during the
decline changed to Peaked. Curves were categorized as Peaked through the decline to below
replacement levels. Meanwhile curves from Sweden were included in all clusters. Curves from
the first two periods were Traditional. Afterwards Swedish fertility saw a decline to below
replacement levels during which the curves were categorized as Early High. One period was
categorized as Peaked, followed by two periods categorized as Late High, and finally the curve
for the last period was categorized as Traditional. These last fluctuations from cluster to cluster
correspond to a period of volatile TFR as Sweden’s fertility rose above and then dropped below
replacement levels.

Clearly, patterns of decline in SSA’s more advanced fertility declines show similarities to
patterns seen in other regions, suggesting the fertility behaviors outlined in Caldwell’s African
Exceptionalism will not necessarily keep SSA countries from seeing fertility decline similar to
patterns seen in other countries, if not comparatively delayed. Instead, these similar patterns
in the more advanced declines of SSA point to the interpretation of Bongaarts and Casterline
[2] that SSA fertility decline remains early and suggesting that changes in fertility regimes will
likely occur in recognizable patterns.
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Discussion

Incorporating age patterns of fertility directly in modeling provides more depth to the analysis
of global fertility trends by making explicit how changes in fertility may occur within stable
age patterns of fertility and also how changing age patterns of fertility may result in only small
TFR changes in the short-term. This analysis makes explicit the idea that many different pat-
terns of fertility can result in similar levels of fertility, or that different levels of fertility can
have very similar age patterns. Seeing that no particular age pattern structure was associated
with particular fertility levels supports Hirschman’s [24] observation that a high fertility regime
may take many different pathways to arrive at lower fertility. By reducing the dimensionality
of the fertility curves using the SVD, we are able to look at these patterns with few parameters
without losing detail, which simplifies analysis. This simplification suggests immediate next
steps, specifically utilizing these outputs to test directly how factors hypothesized to contribute
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to fertility decline are affecting both fertility level (the first component) and the age structure
of fertility (the second and third components).

Our results still support the primacy of the overall level; the explanatory strength of first
SVD component and the large membership of the Traditional cluster suggest that the general
fertility curve is the most prevalent. However, from our clustering results we see distinctive
patterning of differences in age-specific fertility curves that are not associated with fertility
level. Categorizing the fertility regimes into clusters allows us to visualize how changes in the
age structure of fertility are occurring differently across fertility declines. Our work suggests
some regional patterning in how age-specific fertility changes during fertility decline. Looking
at the weights on our SVD components and looking at the clustering results, we see very little
change in age-specific fertility patterns in SSA. However, we also see virtually no change in
these patterns in Latin America and the Caribbean, and for some Asian countries. Casterline
and Odden [25] also find similarities in birth intervals between SSA countries, Latin America
and the Caribbean countries and some Asian countries. Among these countries we see exam-
ples where countries have maintained a traditional age-specific fertility curve throughout fer-
tility decline to replacement fertility levels, effectively experiencing decline at all ages more or
less simultaneously. In addition, we see some Western countries returning to this general age-
specific fertility curve as their fertility levels stabilize after falling below replacement fertility
levels. Considering SSA fertility trends in their global context this way, the relative stability in
age patterns of fertility is not necessarily an indicator that substantial fertility decline will not
occur and, as seen in some countries in Latin America and the Caribbean this decline could be
relatively sudden even without a change in age patterns of fertility. For example, South Africa
and Kenya (Fig 9) are following trajectories of both fertility decline and cluster membership
(indicating age-specific fertility behaviors) similar to those seen in countries like Iran and Sri
Lanka, which have reached replacement or near replacement fertility levels in recent decades.
Investigating not only how the TFR is changing over time globally, but also by understanding
how the age patterns of fertility change during the decline, can be potentially useful for predict-
ing subsequent age patterns of fertility and for exploring how factors influencing fertility
decline, such as economic development, women’s education, infant and child mortality, HIV/
AIDS, etc., are related to age-specific fertility patterns.

This analysis demonstrated that dimension reduction of age-specific fertility curves is
possible and that with reduced dimensions a coherent story of historical trends can be visu-
alized and analyzed. The Swedish example, with the high quality, annual data spanning over
a century illustrates the level of detail in age-specific fertility schedules that can be retained
in a fraction of the dimensions. In the global analysis, investigating the patterns of fertility
decline and age-specific fertility concurrently allow us to compare patterns of age-specific
fertility curves over time across countries, which provides a global context for fertility
behaviors seen in individual countries or regions. Specifically, investigating how SSA age-
specific fertility patterns fit into global patterns, we can see that for SSA countries with
more advanced fertility declines, their patterns of age-specific fertility are similar to patterns
found in other regions.
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