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A key demographic hypothesis has been that fertility declines rely on stopping at target parities, but emerging

evidence suggests that women frequently reduce fertility without specific numeric targets. To assess the

relative importance of these two paths to fertility decline, we develop a novel mixture model to estimate:

(1) the proportion of women who stop at a target parity; and (2) mean completed fertility among those

who do not. Applied to Demographic and Health Survey data from women aged 45-49 in 84 low- and

middle-income countries, and to United States Census cohorts, the model shows considerable variation in

the proportion stopping at specific parities (1-84 per cent). The estimates also show that declines in

completed fertility are largely attributable to women who do not stop at target parities, suggesting that

stopping at ideal parities may be less important than parity-independent decisions for a wide range of

fertility transitions.
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Introduction

In the last few centuries, human populations world-
wide have witnessed dramatic reductions in fertility.
While this decline is well established empirically,
there is still considerable debate about the specific
cultural, social, and psychological factors driving
the change. A key point of controversy surrounds
the role played by women or couples aiming for
specific ideal parities. In an influential formulation
of preconditions for the fertility transition, the econ-
omist and demographer A. J. Coale (1973) proposed
that one of the requirements for fertility decline is a
cognitive shift whereby reproduction moves into
the realm of ‘conscious calculation’. Demographers
have often interpreted this shift as a cognitive
change towards specific numeric goals or targets
(e.g., two children) accompanied by limiting fertility
after an ideal completed fertility has been achieved
(Henry 1961; Knodel 1983; Van de Walle 1992;
Reher and Sanz-Gimeno 2007). According to this
perspective, the major force behind fertility decline
is an increasing focus on achieving one of a limited
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number of low fertility targets (e.g., two, three, or
four children). Indeed, a long-stated assumption in
the demographic literature is that controlling fertility
through parity-specific stopping has a greater impact
on fertility rates than other means of regulating
reproduction, such as spacing or postponement
(Van de Walle 1992; Westoff and Bankole 2000;
Cleland et al. 2006; Van Lith et al. 2013).

Numerous studies of historical Europe have been
interpreted to support this view (Knodel 1979,
1987; Hionidou 1998; Reher and Sanz-Gimeno
2007). However, in the last two decades, converging
lines of evidence have challenged the primacy of
parity-specific stopping in driving down fertility. Eth-
nographic research, based largely in sub-Saharan
Africa, suggests that a great deal of strategic
decision-making focuses on maintaining appropriate
timing of births and ensuring future reproduction is
possible, rather than on the absolute number of chil-
dren (Mason 1997; Bledsoe et al. 1998; Bledsoe and
Banja 2002; Johnson-Hanks 2002, 2007). If this is
the case, the existence of non-numeric responses to
ideal family size (e.g., ‘Only God knows’ or ‘Don’t
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know’) in many low- and middle-income countries
may reflect not a lack of concern about regulating fer-
tility, but rather a lack of concern about specific
numeric targets (Knodel and Van de Walle 1979;
Hayford and Agadjanian 2011). In such situations,
we might expect decisions about other aspects of
reproduction—such as spacing, postponement, and
starting later—to play a greater role in fertility
decline than stopping based on specific achieved
parities (Moultrie et al. 2012; Timaus and Moultrie
2013; Casterline and Odden 2016a, 2016b).

As Van Bavel notes, quantitative demography has
traditionally focused on parity-specific stopping, in
part due to the early development of analytical
tools for assessing parity-specific stopping (Coale
and Trussell 1974; David et al. 1988; Van Bavel
2004b). However, in the last two decades, quantitat-
ive demographers have also developed a number of
tools to demonstrate that fertility declines in a
number of specific settings have involved a combi-
nation of parity-specific stopping and increases in
spacing and postponement (Anderton and Bean
1985; Knodel 1987; Feng et al. 1995; Hionidou
1998; Szreter and Garrett 2000; Van Bavel 2004a;
Timaus and Moultrie 2008, 2013; Van Bavel and
Kok 2010). Changes in the timing of births can
arise for a number of reasons, including spacing
births (focused on the interval between one birth
and the next), starting reproduction later, stopping
for reasons other than current parity, and postponing
for reasons unrelated to age of the last child or total
number of children (Timeus and Moultrie 2013; Cas-
terline and Odden 2016b; Towner et al. 2016; Matti-
son et al. 2018).

Current approaches to estimating parity-indepen-
dent strategies, however, have two significant limit-
ations. First, most current models demand data that
are not always available across a wide range of set-
tings, making it difficult to generalize or to examine
broad ecological influences on these fertility patterns.
Although a number of ethnographic, historical, and
quantitative case studies have demonstrated the
potential importance of fertility control without
ideal family sizes (Knodel 1987; Van Bavel 2004a),
it is not clear how widespread the phenomenon is
or how important it is for recent fertility declines
compared with parity-specific stopping. Methods
that can be used across a broad range of data sets
are crucial for direct comparisons of, for example,
how the recent (and relatively fast) fertility tran-
sitions in Asia and Africa might differ from the
slower transitions observed in historical Europe.
Second, current methods estimate the degree of
parity-specific stopping as well as parity-independent

spacing and postponement for entire populations.
However, it is likely that any population consists of
a mixture of some women who have stopped at a
specific target and others who are regulating fertility
based on other criteria. If this is the case, estimates
from current methods potentially confound two
very different kinds of decision-making. Thus, to
model gradual change within populations, as seen
in many fertility transitions, we need to track the
changing mixtures of strategies.

To estimate the importance of an increasing focus
on numeric targets relative to other strategies for reg-
ulating reproduction in modern fertility declines, we
analyse completed fertility data from two sources:
(1) 301 Demographic and Health Surveys (DHS)
taken between 1985 and 2016 across 84 low- and
middle-income countries at varying stages of fertility
transitions (ICF International 1985-2016); and (2)
twentieth-century historical census data from the
United States (US) (Ruggles et al. 2015). The DHS
data sets provide global, but temporally shallow,
data on recent variation in fertility outcomes. These
represent populations in Europe and Central Asia
(n=20), South Asia (n=23), sub-Saharan Africa
(n=163), Middle East and North Africa (n=21),
Southeast Asia (n=22), and Latin America and the
Caribbean (n=52). Most DHS data sets also
include detailed information on the timing of births
for each woman. This permits comparison of our
population-based model estimates with micro-level
data on birth timing. The US data complement the
temporally shallow DHS data sets by illustrating
how the model detects changes over long-term his-
torical time without the benefit of such micro-level
data.

The analyses presented here rely on a novel exten-
sion of zero-inflated regressions to decompose
sample distributions of completed fertility into: (1)
the proportion of the population that ends fertility
at specific low numeric targets; and (2) lifetime ferti-
lity (i.e., mean completed fertility) among the
remaining proportion that does not stop at a specific
numeric target. The model is an effort to estimate the
approximate proportion of women completing life-
time reproduction in one of these two ways. It is
very possible that, during her lifetime, a woman
may move between the two approaches. For
example, a woman who ultimately stops at a
desired target parity may have followed any
number of strategies to achieve that parity, including
postponing and spacing births based on current
parity. Or a woman who starts with a specific parity
in mind may change to another preferred parity
later in life or move away from a parity preference



altogether. Finally, women in either of these broad
categories may use a wide range of strategies to
accomplish their goals during the course of their
reproductive lives (Kingsley 1963). The crucial dis-
tinction between parity-specific stopping and parity-
independent decisions is that parity-specific stopping
is defined by ending lifetime reproduction at a
specific number of children based on a desire for
that number of children. The model described here
aims to estimate the relative mixture of distributions
generated by these two kinds of decision-making.

In the following sections we first outline our
model, with some examples, and then explain the
method in detail. In the ‘Results’ section we: (1) fit
the model to 313 empirical distributions from the
DHS and the US Census; (2) check how well our
population-level model performs against micro-
level data, by assessing whether our estimate of
parity-specific stopping correlates with two indicators
from birth records across 301 DHS data sets; (3)
examine how variation in our two key estimates—
the proportion of parity-specific stoppers and mean
completed fertility among those following a parity-
independent approach—are associated with fertility
decline and other variables associated with fertility
decline, such as education and wealth; and (4)
compare the relative importance of these two strat-
egies for fertility decline across different world
regions.

Outline description of the model

The model we use here assumes, to a first approxi-
mation, that individuals can follow one of two
approaches to lifetime reproduction, which we refer
to as parity-independent decision-making and
parity-specific stopping. The first approach relies on
behavioural management and physiological con-
straints on the timing of births, rather than on
achievement of a specific ideal number of children.
The pace and timing of births arise from a number
of strategies, including delaying first birth, extending
reproduction based on the age of the youngest child,
postponing for other reasons, and even stopping
(provided this does not depend on achieving a
specific parity). Thus, there are multiple variants of
this approach, including the use of both spacing and
postponement (Timzus and Moultrie 2008, 2013;
Casterline and Odden 2016b). Its unifying feature is
that a woman following this approach disregards
current parity in decisions to end reproduction, a
mode of decision-making that has been observed in
a number of ethnographic and historical studies
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(Bledsoe and Banja 2002; Johnson-Hanks 2002;
Van Bavel 2004a; Timeus and Moultrie 2008).
Parity-independent fertility can include substantial
variation within individuals, such as increasing birth
intervals with age. It can also include substantial vari-
ation between individuals, such as variation in
average interbirth intervals and varying windows of
opportunity for reproduction (as defined by the
onsets of puberty and menopause). Importantly,
many of these diverse sources of variation in pace,
timing, and postponement will lead to completed fer-
tility distributions approximating a mixture of
Poisson distributions (Winkelmann 1995). As an
example, the model does not require a constant
rate of reproduction across an individual woman’s
life, since a population with a time-varying rate of
reproduction (e.g., increasing birth intervals with
age) can still produce a Poisson mixture distribution
of completed fertility (Winkelmann 1995). More-
over, a population with variation in both windows
of opportunity for reproduction and average inter-
birth intervals will also produce a mixture of
Poisson distributions with varying lifetime fertility.
Thus, many kinds of parity-independent strategies
can result in distributions that resemble a mixture
of Poisson distributions.

We model this mixture of Poisson processes as a
Gamma-Poisson (or negative binomial) model
(Brass 1958; Wood 1994). Figure 1(a) illustrates a
sample from Bangladesh in 1996 (women aged 45—
49) for which the predicted distribution from such a
process is a close approximation to the observed dis-
tribution of completed fertility. An important point
about such distributions is that they can be summar-
ized completely by two parameters: expected lifetime
fertility and the variance in lifetime fertility between
women in the population. Expected lifetime fertility
is the number of children a woman is expected to
bear over her lifetime. However, under a count
process (e.g., a Poisson process) the realized com-
pleted fertility for a specific woman will not perfectly
reflect this expected value because of stochastic vari-
ation introduced by the count process (Hruschka and
Burger 2016). Thus, the expected lifetime fertility
estimated for a Poisson process reflects a summary
measure of a stochastic process and not some
‘master schedule’ of planned interval lengths (Bon-
gaarts and Potter 2013). It is also important to
emphasize that the estimation of expected lifetime
fertility for a population does not assume that
women’s fertility is constant over the life course.
For example, if age-specific fertility rates decline
over the life course, estimated lifetime fertility will
represent an average of these. Notably, as long as
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Ukraine 2007

Note: (a) Bangladesh 1996 DHS vs. pure Gamma—Poisson (n = 649); (b) Kazakhstan 1995 DHS vs. pure Gamma-Poisson (n
=370); (c) Kazakhstan 1995 DHS vs. Gamma-Poisson permitting parity-specific stopping at 0-5 children (n=370); (d)
Ukraine 2007 DHS vs. Gamma-Poisson permitting parity-specific stopping at 0-5 children (n =1,082).

Source: Authors’ calculations from DHS.

women are not stopping at specific parities, continu-
ously declining age-specific fertility rates will still
produce a Poisson mixture distribution of the kind
used in this model (Winkelmann 1995).

The second approach, parity-specific stopping,
targets a specific set of ideal parities and then stops
or severely limits reproduction when such parities
are reached (Henry 1961; Coale 1973). A woman or
couple might have several possible ideal parities
(e.g., two or three children) that may vary over the
life course, with varying weights on how important
each is (Coombs 1974). However, women or
couples following the parity-specific approach will
tend to stop reproduction within that small set of

ideal parities. To achieve the desired parity, a
woman may follow any number of strategies, includ-
ing changing the timing of births. However, this need
not follow a ‘master schedule’ with pre-planned inter-
vals to achieve a specific parity (Bongaarts and Potter
2013). The crucial distinction between parity-specific
stopping and parity-independent fertility, is that in
the former there is a clear stopping rule according
to number of children. We assume here that when
people set specific ideal parities, they are generally
in the low range (i.e., zero to five children), with
some probability assigned to each of these outcomes.
As we show later, estimated parity-specific stopping
is concentrated at parities one to three (and to a



lesser extent four) across all samples. Nonetheless,
five is still included as a potential target in the
models to provide a check on the need for parities
above four as potential targets. Ultimately, model
estimates indicate that five is almost never a target
for parity-specific stopping. We also treat nulliparity
as a special case of parity-specific stopping, as it can
reflect either lifetime infertility or a choice to
remain nulliparous.

An example of a situation where a substantial
portion of women are likely to be following parity-
specific stopping is the Kazakhstan 1995 DHS
sample (Figures 1(b) and (c)). A pure Gamma-—
Poisson model does not closely approximate the
empirical distribution, because the distribution gen-
erated by the Gamma-Poisson process is not suffi-
ciently peaked at low parities (Figure 1(b)). When
we permit some proportion of the women to
engage in parity-specific stopping at parities zero to
five, we can then also estimate the Gamma—Poisson
distribution of fertility among the remaining set of
women following a parity-independent approach
(dotted line in Figure 1(c)). Importantly, in this
sample, some proportion of the women arrive at
low parities via parity-specific stopping (the pro-
portion over the dotted line in Figure 1(c) for parities
zero to five), while others arrive at low parities via a
parity-independent approach (the proportion under
the dotted line in Figure 1(c)). At parities above
five, the Gamma-Poisson model applied to the
subset of women following a parity-independent
approach provides an excellent fit to the empirical
distribution. Figure 1(d) illustrates a situation
where nearly all women stop at specific parities
(Ukraine, 2007). Nearly all cases are between one
and three, and there are so few cases above five
that a parity-independent approach is very unlikely
to have generated much of this distribution of com-
pleted fertilities. See the supplementary material
(Figures S4 and S5) for comparable figures for all
samples in this study.

According to the model, the observed lifetime fer-
tility for any one person may arise from either parity-
specific stopping or stochastic events during a
Poisson-like process of reproduction. This means
we need to model the distribution of completed ferti-
lities as a statistical mixture of the two approaches.
Using an extension of classical zero-inflated
regression models, we describe a method to estimate
from a distribution of completed fertility: (1) the pro-
portion of women following a parity-independent vs.
a parity-specific stopping approach in a given sample;
and (2) mean lifetime fertility among women follow-
ing a parity-independent approach.

Fertility declines and ideal parities 5

Materials and methods
Samples

We use data from two sources: DHS 1985-2016, to
examine diversity across contemporary international
populations (ICF International 1985-2016), and his-
torical US Censuses 1940-90, to examine long-term
change across cohorts (Ruggles et al. 2015). First,
we analyse 301 DHS across 84 low- and middle-
income countries that have collected systematic,
comparable data on women’s reproductive histories
(Arnold 1990). We focus on women for two practical
reasons: (1) the DHS Program has primarily aimed
its data collection efforts at women and children,
with relatively few having collected comparable
data for men; and (2) even for DHS data sets with
information about men’s marital fertility, varying
opportunities for extra-marital fertility make it
impossible to estimate men’s fertility in the same
way as women’s. We use DHS data sets collected
between 1985 and 2016 that include information
about fertility and household wealth. To assess the
sensitivity of our findings to alternative samples of
women, we also analyse and report model estimates
for ever-married women and living children.

Second, we analyse data from unweighted sub-
samples of six consecutive US Censuses (1940,
1950, 1960, and 1970 1 per cent flat sample; 1980
5 per cent; and 1990 unweighted 1 per cent) archived
by the Integrated Public Use Microdata Series at the
Minnesota Population Data Center (Ruggles et al.
2015). To maintain comparability across censuses
that sometimes only collected fertility for ever-
married women, we exclude never-married women.
We also exclude women with imputed values for
number of children ever born or marital status. To
control for changing ethnicity distributions in the
US over the twentieth century, we focus on white,
non-Hispanic women (Stulp et al. 2016). To avoid
slow estimation with very large sample sizes, for
samples larger than 5,000, we use a random sub-
sample of size 5,000 for estimation of each sample.
The list of samples accompanied by key indicators
and model estimates are provided in the supplemen-
tary material (Table S2).

In analyses of all samples, we estimate completed
fertility for women aged 45-49 using total live-born
children, as this measure is uniformly available
across all censuses and surveys (Eijkemans et al.
2014). In the most comprehensive study to date of
six natural fertility populations in Europe and
North America, 90 per cent of women ended repro-
duction by age 45 and nearly 100 per cent by age
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50. Thus, focusing on 45-49-year-olds will capture
most live births. For the US Census, to fill in the
time series, we also independently analyse cohorts
of older samples of women (aged 50-54) for a total
of twelve independent samples (six censuses with
two age categories each).

Model specification

In line with past work on fertility, the modelling
approach aims to infer general patterns of decision-
making in a population from aggregate distributions

(1 =qo —grs) x PDF(OIA, 6) + qo

extend to such high parities. Where parity-specific
stopping only occurs at lower parities, the estimates
for gs, and possibly g4, should statistically be zero.

Finally, there is the complementary probability,
1 — qo — gps, that a woman is following a parity-inde-
pendent strategy. Among those following a parity-
independent approach, the probability of parity y is
a gamma mixture of Poisson processes with mean
lifetime fertility, A, and variance in lifetime fertility,
A2/6.

Here, we label the probability of achieving parity y
through the parity-independent process as
PDF(y|A, 0). The full probability can be written as:

1—qgo— x PDF(y|A, 0) + ify=1,2 3,45
p(y): ( qo QPS) (y| ) qrsqy y . (1)

(1 —qo — gps) x PDF(y|A, 6)
(1 —qo — qprs) x PDF(y = 20|A, 6)

of fertility outcomes (Coale and Trussell 1974;
Knodel 1977; David et al. 1988; Van Bavel 2004b;
Timeus and Moultrie 2008). Compared with these
approaches, the current approach has the advantage
of requiring only the distribution of completed ferti-
lity in a population. Moreover, it provides a straight-
forward way of estimating how key parameters (e.g.,
proportion following a parity-independent approach
and mean lifetime fertility among those) depend on
different factors (e.g., education, wealth, rural
residence).

The model is related to multiple hurdle models of
fertility (Miranda 2010). However, it does not
assume, as multiple hurdle models do, that all
women who arrive at a specific final parity get
there via a single strategy. Rather, a woman with a
final parity of two may have reached it either
through parity-specific stopping or through a parity-
independent Poisson process. Thus, the model is
more closely aligned with a zero-inflated model, but
permits inflation at other parities as well (Poston
and McKibben 2003). We treat nulliparous stopping
as a special case of parity-specific stopping, as it can
potentially reflect either a decision to stop at zero
or lifelong infertility. Thus, according to the model,
there is some probability, gy, that a woman will be
nulliparous (for either of these two reasons). There
is an additional probability, gps, that she will com-
plete childbearing at parities one to five due to
parity-specific stopping. Of these parity-specific stop-
pers, the probability of stopping at parity y is g.
Although we will show that a target of five children
is generally never estimated, we include it to assess
the degree to which parity-specific stopping may

ify>5and <20
ify>20

Given that some data sets from the US Census
have a single category of twelve or more births, in
the US samples we model a maximum of 12+ births
instead of 20+ as a single category. We assume
weakly informative prior distributions for the two
Gamma-Poisson parameters as A ~ gamma(3, 0.5),
which has an expected value of six children and a
wide variance around that, and
0 ~ gamma(0.001, 0.001), a commonly used weakly
informative prior for the shape parameter for nega-
tive binomial distributions.

The probabilities of excess nulliparity, go, above
that expected from a Gamma-Poisson process and
of excess parities due to parity-specific stopping,
qps, are parameterized with binomial logistic models:

e (B
1+ exp(By)

(B

1+ exp(Bps)

The probabilities of stopping at specific parities,
q1, 92, 43, g4, and gs, are modelled as a multino-
mial logistic with parity one as the reference cat-
egory:

and
(2)
qrL

_ exp(B)
exp(B1) +exp(By) +exp(B3) +exp(By) +exp(PBs)
i=1,2,3,4,5 B, =0.

qi

®)

We assume uniform priors for

BO> BPL’ Bl9 BZ? B3’ 349 BS ~ lOgiStiC(O, 1) that are
symmetric for B;, B, B3, B4, Bs by constraining

Bi+ By + B3+ By + Bs =0.



Model estimation

We calculate parameter point estimates and credi-
bility intervals from the estimated posterior prob-
ability distribution for the model. To estimate the
posterior probability distribution, we use a Metro-
polis—Hastings Markov Chain Monte Carlo
(MCMC) process implemented in R (code avail-
able from authors). Depending on the convergence
of estimates, we use a ‘short’ or ‘long’ estimation
process. The first phase of the process tunes the
proposal distribution with 40 tuning loops of
1,000 iterations each for ‘short’ runs (500 tuning
loops for ‘long’ runs). After each loop, the propo-
sal distribution’s scale is adjusted based on the
acceptance rate from the prior 1,000 iterations,
and the proposal distribution’s covariance struc-
ture is estimated from the previous 1,000 iterations.
With the final proposal distribution, we then allow
20,000 steps for burn-in of ‘short’ runs (100,000 for
‘long’ runs) and, finally, estimate the posterior
distribution with 200,000 steps (1,000,000 for
‘long’ runs).

To ensure the Markov chain is well mixed, we
assess stationarity of the Markov chain for each of
the eight parameters by using a Geweke test compar-
ing the last 50 per cent of iterations with the first
10 per cent (Geweke 1991). Within each chain, we
use a Bonferroni-corrected alpha to reject a null
hypothesis of no difference (alpha=0.5/8 for eight
parameters). We also assess whether the effective
sample size for the run was less than 100 (which
would indicate the estimates to be relatively unreli-
able) using the ‘coda’ package in R (Plummer et al.
2006). We apply ‘short’ runs to the DHS data sets
but, given high rates of non-convergence in the US
Census samples (>15 per cent) with the ‘short’ runs,
we apply the ‘long’ runs to all US Census samples.
In those rare cases where chain diagnostics indicate
a problem on the first run (three for DHS, none
for US), we re-estimate with a ‘long’ run. In no
cases did we need to rerun the analyses more than
twice.

To assess the reliability of the estimation process,
we also run duplicate MCMC chains for all samples
and compare duplicates. Key parameter estimates
(e.g., gps,A, 0) are highly correlated across the two
runs (r>0.95). In this paper we calculate point esti-
mates for each parameter as the mean of the esti-
mated posterior distribution for that parameter,
and the 95 per cent credibility interval as the 2.75
and 97.5per cent percentiles of the posterior
distribution.
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Fitting the model to survey data

We fit the model to the completed fertility distri-
bution in each of the 301 DHS surveys and twelve
US Census subsamples to estimate: (1) the excess
proportion of nulliparous women (qy); (2) the pro-
portion of women engaged in parity-specific stop-
ping (at parities one to five) (gps); and (3) the
mean (1) and variance of lifetime fertility (A2/6)
among women not following parity-specific stop-
ping. Among those women estimated to have
stopped at specific target parities, we also report
estimates of the proportions stopping at one, two,
three, four, and five children. For each of the 313
samples, we test whether the sample’s empirical dis-
tribution was different from the fitted model distri-
bution using a chi-square test. The reference
distribution for the chi-square statistic is generated
with 50,000 replicate samples drawn from the
model distribution (using the Holm-Bonferroni
method with alpha =0.05, 313 tests) (R Core Team
2014). For those samples whose predictions signifi-
cantly deviate from observations, we report the
average deviation of predictions from observations.
To assess whether standard pure Gamma—Poisson
models would also create comparable fits, we esti-
mate the fit of an uninflated Gamma-Poisson
model to the same 313 samples using the same chi-
square test.

Comparing estimates with micro-level data
and assessing sensitivity to alternative
specifications

We then assess how well the model estimates of
parity-specific stopping correlate with two indicators
from birth records estimated across 301 DHS. The
first indicator is the concavity of parity progression
ratios over increasing parity, which has been used
as a measure of the degree of parity-specific limit-
ation (Brass et al. 1997). The second indicator —var-
iance in parity-specific median intervals—examines
how far a population’s birth intervals deviate from
the Poisson model’s assumption of a constant
median birth interval across parities. Specifically,
we use the variance in median interbirth interval
length across the first five birth intervals (1-2, 2-3,
3-4, 4-5, and 5-6). As an example, a population
with completely constant median birth intervals
between births one and five would have a variance
of zero, and any deviation from this uniform
median birth interval would lead to increasing var-
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iance. Comparisons with birth records exclude 32
surveys that did not collect birth records and two
countries with only partial birth records (EI Salvador,
1985 and Tanzania, 2012). We also assess the sensi-
tivity of estimates when applying the model to
alternative samples (e.g., ever-married women aged
45-49) and measures (living vs. live-born children)
in the DHS.

Assessing associations of parity-specific
stopping and parity-independent fertility with
fertility declines

To assess the relationships of different strategies to
variables traditionally associated with fertility
declines, we estimate how key model outputs—the
proportion who stop at specific target parities and
completed fertility among those following a parity-
independent approach—correlate with sample
characteristics traditionally associated with fertility
declines. These include the entire sample’s com-
pleted fertility, the proportions of women with at
least primary or at least secondary education, and
mean household wealth (estimated according to
Hruschka et al. 2015).

To assess the degree to which each of the two strat-
egies contributes to fertility decline in the DHS
samples, we examine pairs of surveys from countries
that exhibited a decline in completed fertility of more
than 0.5 between the first and final surveys. We then
estimate the expected decline in fertility in each of
two idealized scenarios:

(1) Decline resulting purely from increasing
parity-specific stopping. Here we assume
that the proportion of women engaged in
parity-specific stopping (qos = qo + gps) and
their expected parity follows the observed
fertility decline between surveys, but every-
thing else stays the same.

(2) Decline resulting purely from changes in com-
pleted fertility among women following
parity-independent  strategies. Here we
assume the mean completed fertility among
the parity-independent segment follows the
observed decline between surveys, but every-
thing else stays the same.

To estimate these expected values, we decompose
completed fertility as gosMos + gprMp;, where qos
and gpy are the proportions following parity-specific
stopping at 0-5 children and a parity-independent
approach, respectively, and My; and Mp; are the

corresponding average completed fertilities of these
two populations.

We estimate the decline in scenario (1) as
qosMiys + qpyMpr — (qosMos + qpiMpr), where g,
Mjs, and qj; are estimates from the second time
point, and all other variables are estimates from the
first time point. Here, qysMys+ qpMpr is the
hypothetical completed fertility at the second
survey if the only variables to change between
surveys are the proportion of women following
parity-specific stopping (vs. a parity-independent
approach) and the distribution of ideal family sizes
among women following parity-specific stopping.

Similarly, we estimate the decline in scenario (2) as
qosMos + qpiM'p; — (qosMos + qprMpr), where M,
is the average completed fertility of those following
a parity-independent approach from the second
time point, and all other variables are estimates
from the first time point. Thus, gosMos + qpMp; rep-
resents the hypothetical completed fertility at the
second survey, if the only variable to change
between surveys is the completed fertility of
women following a parity-independent approach.

It is important to note that these two estimates of
change—one based purely on changes in the pro-
portion of women engaged in parity-specific stopping
and one purely on the change in mean fertility among
those engaged in parity-independent strategies — will
not necessarily sum to the total observed change, as
there is interaction of varying degrees between the
changes in means and changes in proportions.

Finally, we assess whether fertility declines not
relying on parity-specific stopping are particularly
common in sub-Saharan Africa (Moultrie et al.
2012). Specifically, we estimate the proportion of
observed declines attributable: (1) solely to parity-
specific stopping; and (2) solely to declines in mean
fertility among women following a parity-indepen-
dent approach. We then compare the mean pro-
portions for declines observed across five world
regions (sub-Saharan Africa (n=18 countries),
South Asia (n=3), Middle East, North Africa, and
Central Asia (n=7), Latin America and the Carib-
bean (n=7), Southeast Asia (n=4)) and for two
eras in the US historical samples where we observe
declines.

Results
Goodness of fit to empirical distributions

The model shows good fit to observed distributions,
with only four of the 301 model distributions from



the DHS samples and two of the twelve model distri-
butions from the US Census samples being signifi-
cantly different from their respective empirical
distributions (bootstrapped chi-square test, 100,000
replicates, Holm—Bonferroni correction for multiple
tests with 313 tests). Importantly, the pure Gamma-—
Poisson model commonly used to model fertility dis-
tributions (which assumes no parity-specific stop-
ping) is statistically different from 54.5 per cent of
the 301 empirical samples from the DHS and
96.4 per cent of the twelve US Census samples.
These results suggest that our proposed model
describes the patterns of fertility accurately in
nearly all samples and provides a much better fit in
many cases than the pure Gamma—-Poisson model.

There is little systematic deviation of predicted
from observed proportions at each final parity, with
the magnitude of the mean difference between pre-
dicted and observed parity proportions being less
than 0.01. In those rare situations where the predic-
tions and observations are significantly different (n
=4, DHS; n=2, US), the model generally overesti-
mated the proportions at parities five and six, and
underestimated the proportions at parities eight,
nine, and ten for DHS data sets, while for US
Census data sets it underestimated nulli parity.
However, the magnitude of deviations was never
greater than 0.03.

It is not clear what causes the greater occurrence of
small but significant deviations of predictions from
observed distributions in the US samples. One
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hypothesis is that limiting parities to twelve in the US
data provides less information for fitting the
Gamma-Poisson component of the model. This
might increase the uncertainty of estimates and
thereby reduce fit in any specific estimation. A
related hypothesis is that in situations where a larger
portion of the population is estimated to be engaging
in parity-specific stopping, there may be less infor-
mation to provide accurate estimates of the Gamma—
Poisson component. Future work should examine
how small deviations arise from these and other
aspects of data availability and model estimation.

What proportion of each sample follows
parity-specific stopping (parities one to five)?

The proportion of women estimated to have
stopped at specific parities varies from 0.7 per cent
(Rwanda, 2000 and Burkina Faso, 2014) to 84 per
cent (Ukraine, 2007 and Armenia, 2016). It
increases as completed fertility decreases in DHS
data sets (r=-0.65, p<0.001), but not for US
Census samples (r=-0.26, p>0.10) (see the sup-
plementary material (Table S2) for all estimates).
Figure 2(a) shows the proportion of women in
each sample who are estimated to follow parity-
specific stopping and its relationship to the
sample’s mean completed fertility.

Notably, there is substantial variation in completed
fertility, even among populations with very low

(b)

Mean lifetime fertility of women following
parity-independent approach
W
1
o

1 T T T 1
1 3 5 7 9
Mean completed fertility of entire sample

‘ o DHS surveys

e US Census

Figure 2 The relationship between mean completed fertility of entire samples and: (a) proportion of women
following parity-specific stopping at 1-5 children; and (b) mean completed fertility among the complementary

proportion following a parity-independent approach
Note: n=12 US Census samples; n =301 DHS samples.

Source: Authors’ calculations from DHS and US Census data.
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proportions of parity-specific stopping (Figure 2(a)).
This suggests there is ample room for fertility decline
without a shift to parity-specific stopping. For
example, comparably low estimates for parity-
specific stopping (<5 per cent of population) are
seen in samples from Cambodia, South Africa, Ban-
gladesh, Jordan, Rwanda, and Niger, yet mean com-
pleted fertility ranges from <4.5 in some samples
(Cambodia, Myanmar, Vietnam, South Africa, Ban-
gladesh, and Uzbekistan) to over 8.0 in others
(Jordan, Rwanda, and Niger). Low mean fertility
with little parity-specific stopping is especially
characteristic of early US cohorts, with white, non-
Hispanic women from the 1940 Census having com-
pleted fertility of 2.96 despite only 7.5 per cent
being estimated to follow parity-specific stopping.
Conversely, there are samples with very different
estimates for the proportion of women following
parity-specific stopping, despite comparable overall
completed fertility. For example, Turkey in 2004
and South Africa in 1998 exhibit similar completed
fertility (4.0 and 4.2, respectively), but strikingly
different estimated proportions following parity-
specific stopping (44 and 2 per cent, respectively).
Among women following parity-specific stopping,
there is clear bias towards parities zero and two in
both the DHS and US Census samples (Figure 3).
However, there are also non-trivial proportions stop-
ping at parities one, three, and to a lesser extent four,
although in the US the proportion stopping at one is
also low. There is almost no excess of parity-specific
stopping at five children. This suggests that the
model is sufficiently flexible—permitting stopping
at zero to five—to detect those parities at which
parity-specific stopping is most heavily concentrated
and to show which parities are unlikely to be a target

0.50

0.40 7

who stop at each parity

Proportion of parity-specific stoppers

for stopping (five and to a lesser extent four (and one
in the US)).

What is the mean completed fertility of women
following a parity-independent approach?

Mean lifetime fertility for women following a parity-
independent approach ranges from 2.0 (Armenia,
2016) to 8.9 (Jordan, 1990). It is also negatively corre-
lated with the proportion of parity-specific stoppers
in DHS samples (r=-0.54, p <0.001) but not US
Census samples (r=-0.32, p>0.10). Figure 2(b)
shows the mean completed fertility of women follow-
ing a parity-independent approach by the mean com-
pleted fertility of the entire sample. Given the low
proportion of parity-specific stopping in many of
the samples, the overall tight correlation is not
surprising.

Associations of parity-specific stopping with
micro-level data

Estimates of parity-specific stopping are strongly cor-
related with an established population-level measure
of parity-specific limitation: the steepness of
reductions in parity progression ratios (PPRs) at
low parities (reduction in PPR2-3 compared with
PPR1-2, r=0.85; from PPR3-4 compared with
PPR2-3, r=0.54; all p<0.001, n=267). Estimates
of parity-specific stopping are also strongly corre-
lated with the magnitude of deviations from a
Poisson assumption of equal median interbirth inter-
vals (r=0.60, p <0.001, n=267).

------ US Census
—— DHS

Parity

Figure 3 Proportions of parity-specific stoppers targeting parities zero, one, two, three, four, and five, US

Census and DHS samples
Note: Error bars show 95 per cent confidence intervals.
Source: As for Figure 2.



How do these results change with alternative
samples and measures?

Several checks with alternative samples (e.g., ever-
married women aged 45-49) and measures (living
vs. live-born children) in the DHS surveys suggest
that the model produces robust results. Specifically,
key estimates for ever-married DHS samples are
strongly correlated with estimates from the full
sample (r=0.99 for parity-specific stopping, and
both mean and variance of lifetime fertility for
parity-independent strategies). As expected from
the higher fertility of ever-married women, average
lifetime fertility is higher among this group than
among all women (0.2-child difference for popu-
lations at mean parity two, 0.1-child difference at
mean parity four, and 0.05-child difference at mean
parity six). Moreover, the variance in lifetime fertility
among ever-married women is on average 3.8 per
cent lower, indicating more homogenous lifetime fer-
tility than in the full sample.

Key estimates for living children are also strongly
correlated with the original estimates for all live-
born children (parity-specific stopping r=0.93; for
parity-independent strategies r=0.92 for mean and
r=0.75 for variance in lifetime fertility). The
relationship between parity-specific estimates based
on the two measures is near equality (slope =1.01,
intercept =—0.02). As expected from the lower
counts of living children, lifetime fertility among
women following parity-independent approaches is
lower among high-parity populations when consider-
ing only living children (0.4-child difference for
populations with mean parity four and 0.9-child
difference at mean parity six). Notably, the variance
in lifetime fertility is also substantially lower when
the model is applied to living children, with a
59 per cent reduction compared with live-born chil-
dren. This indicates that a large portion of heterogen-
eity in completed fertility among women following a
parity-independent approach is due to differences in
the number of non-surviving children (Ben-Porath
1976; Hossain et al. 2007).

How are parity-specific stopping and parity-
independent strategies associated with
education and household wealth?

The estimated proportion of individuals following
parity-specific stopping is associated with other
factors normally coinciding with declining fertility:
sample’s mean household wealth (r=0.49, p < 0.001)
and proportion of women with at least primary

Fertility declines and ideal parities 11

education (r=0.44, p < 0.001) or secondary education
(r=0.61, p<0.001). There is also a strong negative
correlation between mean parity-independent life-
time fertility and mean household wealth (r=—0.58,
p <0.001) as well as the proportion of women with
at least primary education (r = —0.63, p <0.001) or at
least secondary education (r=—0.72, p <0.001).

How much of the fertility decline is attributable
to declining parity-independent lifetime
fertility vs. increasing proportions of parity-

specific stopping

Figure 4 illustrates the long-term change across US
Census birth cohorts in estimates for: (a) mean
completed fertility; (b) the proportions of women
engaging in parity-specific stopping; and (c) life-
time fertility among those following a parity-inde-
pendent approach. Mean completed fertility
exhibits an initial sharp decline and then a reversal
associated with the baby boom (Figure 4(a)), as
does lifetime fertility among women following a
parity-independent approach (Figure 4(c)). The
initial fertility decline between the 1880 and 1910
cohorts, from 3.2 to 2.3 children, is accompanied
by an increase in parity-specific stopping from
approximately 5 to 25 per cent of women (Figure
4(b)). However, our decomposition of the decline
into that attributable to either of the two strategies,
indicates that if the only thing to change during the
decline had been parity-specific stopping, we would
have expected a decline of only 0.1 children
instead of the observed 0.9-child reduction. By con-
trast, if the only thing to change during that time
had been declining fertility among women follow-
ing a parity-independent approach, we would
have expected a decline of 0.8 children, much
closer to the observed decline. A similar result is
seen when we examine the second decline, from
3.1 to 2.4 children, between cohorts born in the
1930s and 1940s. In this case, a 0.7-child reduction
is attributable to parity-independent strategies,
while only a 0.2-child reduction is attributable to
parity-specific stopping.

We observe similar results when considering the 39
DHS countries that exhibited fertility declines of
more than 0.5 children between the first and last
surveys (Figure 5). In most countries, the expected
contribution to the decline from parity-independent
strategies alone is much greater than that from
parity-specific stopping alone. Moreover, the
pattern is quite consistent across all five world
regions, as well as the US, suggesting that the
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Figure 4 Historical changes in US fertility: (a) mean completed fertility; (b) estimated proportion following
parity-specific stopping; and (c) mean lifetime fertility among those following a parity-independent approach
Note: Twelve cohorts of ever-married, white non-Hispanic women aged 45-49 and 50-54 in the US. Charts show point esti-
mates and 95 per cent posterior bands.

Proportion of women following Mean completed fertility of

Mean lifetime fertility of women following

entire sample

parity-specific stopping

a parity-independent approach

4.0

3.5

3.0

2.5

20

(a)

1880

0.6
0.54
04+
0.3+
024
0.1+

0.0

T T
1920 1940

Mean birth year of cohort

T
1900

(b)

1880

40+

354

3.0+

2.5+

20

T T T
1900 1920 1940

Mean birth year of cohort

(c)

1880

T T T
1900 1920 1940

Mean birth year of cohort

Source: Authors’ calculations from 1940-90 US Census data.



Fertility declines and ideal parities 13

‘ B Parity-specific stopping

[0 Parity-independent strategies

]‘0_ %
0.8+ %
0.6

04—

L

Fertility reducction as proportion of total decline

T

—-02-4

_04-
South Asia sub-Saharan
3) Africa

MENA +
Central Asia

(18) ()

Southeast Latin United States
Asia America + 2)
“) Caribbean (7)

Figure 5 Estimated contributions of parity-specific stopping and parity-independent strategies to fertility
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1933-43 cohorts). Bars show means and lines show 95 per cent confidence intervals for country estimates. Sample size for
each region in parentheses. MENA = Middle East and North Africa.

Source: As for Figure 2.

majority of fertility declines (at least in the twentieth
century) can be attributed to parity-independent
strategies (through spacing, postponement, starting
reproduction later, or stopping for other reasons)
rather than a switch to parity-specific stopping
(Moultrie et al. 2012).

Discussion

Our findings suggest that an increase in parity-
specific stopping accompanies many fertility declines,
but is not necessarily responsible for much of the
overall reduction. Rather, in both the US and the
low- and middle-income country samples, the bulk
of fertility decline appears to be due to a decline in
births among women following parity-independent
strategies. Moreover, this parity-independent
approach seems to be quite widespread and is not
unique to a given world region. This suggests that
observations of strategic birth spacing and postpone-
ment in sub-Saharan Africa, as well as delayed first
birth and parity-independent stopping, are more
widespread globally (Bledsoe and Banja 2002;
Johnson-Hanks 2007; Moultrie et al. 2012; Van Lith

et al. 2013) and may even account for historical
declines in higher-income countries, such as the US.

These findings raise the possibility that parity-
specific stopping is a by-product of the same societal
changes leading to declining fertility, but does not
necessarily play a direct causal role in fertility
declines. One explanation consistent with this is
that increasing opportunities through education
encourage a large portion of women to reduce ferti-
lity by spacing and postponing their births. Mean-
while, increasing education also changes thinking
among a subset of women, so that they begin to
engage in parity-specific stopping. Although
increases in parity-specific stopping coincide with
overall fertility decline, under this scenario parity-
specific stopping would, in fact, be a lagging indicator
of fertility decline.

The model also identifies potentially significant
within-sample heterogeneity in the proportion fol-
lowing a parity-independent approach. This suggests
that characterizing entire societies or populations as
having one strategy or another (e.g., ‘controlled ferti-
lity’ or ‘natural fertility’ populations, or societies that
focus on child numbers or manage reproduction)
masks potentially important variation in strategies
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within populations (Johnson-Hanks 2008; Stulp and
Barrett 2016; Stulp et al. 2016). Focusing on
changes in within-sample heterogeneity might also
shed light on observed shifts from over- to under-dis-
persion in completed fertility relative to a Poisson
distribution as samples move from high to low ferti-
lity (van Daalen and Caswell 2015; Hruschka and
Burger 2016). Specifically, we show that in high-
and medium-fertility populations most women
follow a parity-independent approach, which
creates distributions that are more likely to be over-
dispersed relative to a Poisson distribution. By con-
trast, in samples with lower fertility, a larger
portion follow parity-specific stopping at low parities,
which creates distributions that are under-dispersed
relative to a Poisson distribution.

Estimates of heterogeneity in parity-specific stop-
ping also raise important new questions. Our findings
suggest that a much larger proportion of women
follow parity-specific stopping in low-fertility than
high-fertility settings. Moreover, the samples with
high levels of parity-specific stopping exhibit vari-
ation, with modes ranging from one (Ukraine,
2007) and two (most countries) to three (Armenia,
2005). This in turn raises important questions about
what causes individuals to focus on specific sets of
targets once they begin engaging in parity-specific
stopping. Are these due to the influence of culturally
arbitrary social norms or rather to ecological con-
straints that lead to different optima (Melkersson
and Rooth 2000; Santos Silva and Covas 2000;
Winterhalder and Leslie 2002; Sobotka and Beau-
jouan 2014)?

Our model is intended as a first approximation to
population variation in strategies, but also provides
a platform for further refinements. Parity-indepen-
dent strategies comprise a range of behaviours
including delaying age at first birth (Allal et al.
2004), spacing of births conditional on age of pre-
vious children, differing likelihoods of replacement
for prior infant deaths, and postponement for other
reasons (Timzus and Moultrie 2008). This raises
important questions about the distal causes of vari-
ation in these different proximate mechanisms, and
whether these arise from greater availability of con-
traceptive technology, or education leading to later
age at first birth or marriage, to name a few possibi-
lities. The modelling framework we outline here pro-
vides an avenue for answering these questions, with
the possibility of adding fixed effect predictors (e.g.,
maternal education) of the key model parameters.
Our analyses also focus only on completed fertility
at the end of women’s reproductive careers.
However, it is likely that women’s strategies vary

over time as they enter new life stages and situations.
Future work examining the progression of age-
specific fertility distributions over the life course
may permit a more finely grained analysis of how
strategies change over the life course. Finally,
future work with the model should also examine
how sensitive estimates and fit are to different
kinds of data. For example, data limitations from
the US required us to limit parities to a maximum
of twelve. This may have provided less information
for fitting the Gamma—Poisson component of the
model, thus increasing the uncertainty of estimates
and reducing fit in any specific estimation. It may
also account for the fact that in two out of twelve
US samples (but only three DHS samples) there is
a significant difference between the model prediction
and the observed distribution.

As an approximation based on coarse-grained
population data, the model has several limitations.
Most notably, it can be difficult to infer the under-
lying criteria people use to make decisions from the
patterns of behaviour observed in populations.
However, we suggest that this is one approach that
can be used alongside other methods in efforts to tri-
angulate the fertility decision-making process. This is
bolstered by the associations of our estimates of
parity-specific stopping with other established
measures of parity-based limitation and deviations
from a Poisson process derived from micro-level
birth records. At a minimum, the model provides a
novel set of statistics on fertility distributions that
researchers can begin to include in the existing
toolkit for characterizing population variation and
change in fertility. Acknowledging these limitations,
a key advantage of the method presented here is
that it is relatively simple and has minimal data
requirements—needing only synchronic data on
completed fertility —compared with existing
methods for estimating stopping and spacing. Thus,
it opens up opportunities for comparing the contri-
butions of parity-specific stopping and parity-inde-
pendent strategies in a wide range of existing
contemporary and historical data sets where accurate
information on the distribution of completed fertility
is available.
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