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Projecting Spanish fertility at regional level: a Hierarchical

Bayesian approach

Abstract

The transition from a demographic regime of high mortality and high fertility to one
with low mortality and low fertility is universal and comes along with the process of
socio-economic modernization. The Spanish total fertility rate has decreased to below
replacement levels in the last decades. The decline has persisted since the 1960s and is
diverse across the country. Based on that diversity, the use of population forecasts, not
only at national but at regional levels, for planning purposes (governments and private
sector) with large horizons has become a must to provide essential services. Using a
Bayesian hierarchical model we constructed probabilistic fertility forecasts for Spain at
the regional level. Although this approach is already issued by the United Nations little
research has been done focusing on the Spanish subnational level. Our objective is to
disaggregate the national projections of the total fertility rate for Spain into regional
forecasts. The results of this research will show the model fitting, first to the national
level and then using a multifaceted and continuous evolution of fertility over time, at
the regional level, to check its convergence.

1 Introduction 1

While increasing life expectancy is a symptom of social progress, it is also a challenge 2

for governments, private pension schemes and life insurers because of its impact on 3

health care costs and pensions. A large number of demographic and actuarial studies 4

have recognised the problems caused by ageing populations, low fertility rates and 5

increasing longevity, therefore attention has focused on the development of methods for 6

forecasting and projecting fertility and mortality rates [1–4] 7

The decline in fertility has been accompanied, in developed countries, by major 8

changes affecting the role of women and the family. Some authors speak of a second 9

demographic transition [5–8], although for some others [9–11], the term gender 10

transition would be more appropriate. In fact, according to the latter, the main 11

difference concerning the first demographic transition is that a cultural component has 12

been added. In effect, these changes are linked to the new role of women in society and 13

its presence in the labour market and to the transformation of the organization of 14

demographic reproduction, traditionally based on a clear separation between women, 15

who are confined within the family, and men, who enter the labour market. With the 16

progressive presence of women in that market, the articulation between family and work 17

has become a central issue of our time. In this context, [12] analyses the female labour 18

force participation in developing countries, finding that it affects to economic activity, 19

educational attainment, fertility rates and social norms. Also, [13], study the 20

determinants of labour force participation of urban married women in eight low- and 21

middle-income economies to understand what drives changes and differences in 22

participation rates. Also in this context but focusing on a specific country, [14], discuss 23
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the cultural change and female labour market participation in Germany, analyzing the 24

effects of family policy on fertility. 25

Europe is one of the continents where the demographic problem mentioned above is 26

highlighted. The TFR (total fertility rate) is the average number of children born to 27

women during their reproductive years) and in most of the EU member states, is below 28

the replacement threshold of 2.0-2.1 births per woman [15]. 29

The fertility replacement threshold is the TFR a nation needs to stabilize the 30

population. In a scenario where the TFR falls below 2.0-2.1 births, as the population 31

ages and declines, economic growth and funding for government programmes are 32

reduced, fuelled by fewer employees available to work, pay taxes and fund government 33

social security programmes [16,17]. 34

Fig. 1 shows the evolution of the TFR rate in Europe at NUTS-2 level (NUTS 35

stands for Nomenclature of Territorial Units for Statistics and is the UE harmonised 36

manner of collecting data in the different geographical areas) from 2008 to 2019 where it 37

can be seen to be declining to below the replacement threshold in most countries [18]. 38

[Fig1]

Fig 1. TFR at NUTS-2 level. Average number of live births per woman in Europe
from 2008 to 2019. Source: Data from Eurostat and map built with the open source
software R and package ‘Eurostat’.

The situation in Spain is similar to other European countries and this behaviour of 39

the fertility rate has been accentuated during periods of financial and economic crisis. 40

The increase in unemployment levels, job uncertainty and, in general, the economic 41

difficulties for families, together with the decrease in marriages, have delayed or 42

postponed, in many cases, the first childbearing. This topic is extensively developed 43

by [19] who have conducted much research on the connection between uncertainty and 44

fertility. 45

Fig.2 shows the number of births in Spain from 1960 to 2020. From 1999 the TFR 46

and the number of births increased for 10 years, up to 2008, after both indicators fell 47

dramatically, in fact, 2020 registered the lowest number of births in Spain in the last 60 48

years, with just under 340.000 births. 49

[Fig2]

Fig 2. Number of births in Spain from 1960 to 2020. Source: Data from the
Spanish Statistical Office (INE).

However, the socio-economic differences within Spain and the geographical diversity 50

between the north and south make a demographic analysis at the regional level 51

necessary to verify TFR convergence, in this sense, [20] and [21] have studied Spanish 52

fertility using regional or provincial fertility rates. More recently, [22] analyze fertility 53

variation by showing the geo-spatial distribution of fertility across regional geographical 54

areas in Spain between 1981 and 2018. For instance, Fig. 3 shows the Spanish TFR at 55

the municipality level. This level shows that in most municipalities the TFR is lower 56

than 2.0 and especially remarkable are those with a TFR close to 0. As the size of the 57

municipalities has an impact on birth rates, the characteristics of these barren 58

territories where TFR is almost 0, are usually quite similar: inland, sparsely populated 59

and ageing [23–26]. Therefore, fertility differences are related to two linked factors: the 60

degree to which a region (or municipality) is influenced by the age of the population 61

and the age structure contrasts between capital cities and the rest of the province’s 62

regions. As the standard age range for the TFR is aged 15-49, an older region will have 63

an impact on the TFR. These two variables make a division between, on the one side, 64
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the foremost energetic and more youthful areas and the drained, elderly and 65

demographically stagnant territories (cities like Huesca, Cuenca, Soria, Ávila, 66

Ourense,..., for instance), on the other side. 67

[Fig3]

Fig 3. TFR in 2018 at municipality level. Source: Map generated with R
software. Data from the Spanish Statistical Office (INE) and shapefiles for the map
from www.gadm.org.

Fig.4 on the contrary shows the evolution of the TFR from 1981 to 2018 by region. 68

[Fig4]

Fig 4. TFR evolution from 1981 to 2018 by region. Source: Data from the
Spanish Statistical Office (INE).

Nevertheless, very few sub-national projections of fertility in Spain, at the regional 69

level, have been made using the methodology we propose, so in this paper, we aim to 70

project the Spanish TFR at a regional level by adopting the approach proposed by [27], 71

using a Bayesian hierarchical model. The rest of the work is organized as follows: we 72

begin by reviewing the existing literature on fertility models. The next section is 73

focused on the methodology adopted and the data we will work with. The results 74

section shows the model fitting, first to the Spanish population as a whole and then 75

using a multifaceted and continuous evolution of the TFR over time, at the regional 76

level, to check its convergence, in addition to that, we will discuss the main differences 77

between regions. Finally, we will conclude with the main demographical aspects to take 78

into account when modelling Spanish fertility and discuss the drawbacks of probabilistic 79

models. 80

2 Background: a literature review on fertility and 81

age structure models 82

Modelling fertility curves has been of interest to demographers for a long time so 83

through a variety of mathematical models, it has been possible to describe age-specific 84

fertility patterns with specific shapes in all human populations over the years. Even 85

though the demographic literature is offering a wide variety of fertility measures, the 86

TFR is a key indicator for population projections due to its simplicity, ease of 87

interpretation and availability. For instance, the United Nations Population Division 88

produces population projections based on this measure [28] [29]. However, the adoption 89

of the TFR as a standard measure for population projections is not new, for 90

instance, [30] pointed out that this indicator had been already used by the U. S. Census 91

Bureau. On the other hand, [31], conduct analyses on the relationship of low and 92

lowest-low period fertility to cohort fertility and key fertility-related behaviour using the 93

TFR as the main indicator. Also, [32], provide a thorough review of the literature on 94

fertility research by classifying existing studies according to the determinants of fertility. 95

However, according to Bongaarts and Feeney (1998), [33], fertility forecasting based on 96

TFR has limited success because of the inefficiencies in this fertility indicator. Based on 97

this, the authors, introduce two components or effects at the time of estimating fertility, 98

arguing that changes in fertility can occur because of these two effects: the quantum 99

and the tempo effect. The quantum component refers to the TFR that would have been 100

observed in the absence of changes in the timing of childbearing during the period in 101

which the TFR is measured whereas the tempo effects are distortions due to changes in 102
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the timing of birth. [14] used the Bongaarts-Feeney framework as the theoretical 103

backbone of their PC-based age-specific fertility prediction model, which was then 104

aggregated into TFR predictions. The authors even go a step further and also discuss 105

incorporating fertility strategies into fertility projections in low-fertility countries. 106

Despite the limitations of the TFR mentioned above, addressed by Bongaarts and 107

Feeney, [33], the choice of this indicator in our research is because as we explained is one 108

of the most widely used fertility measures as it provides an understandable measure of 109

hypothetical completed fertility (TFR only includes live births) and it is unaffected by 110

differences or changes in the age-sex composition. The fact that the model used for our 111

predictions employs data from the United Nations and the Spanish INE, both use the 112

TFR as a basic indicator. 113

In the remainder section, we propose a literature review on approaches that explain 114

fertility modelling combined with works that model the age structure, we think this 115

relationship is important because an imbalance in age structures creates important 116

problems at institutional stability levels (e.g. schools), labour force succession or old-age 117

social security. Shrinking class sizes, workforce shortages and payroll tax collections 118

that are insufficient to pay for retirement benefits are all consequences of long periods of 119

below-replacement fertility. 120

In 1956, Kingsley Davis and Judith Blake, developed the intermediate variables 121

model of fertility. The intermediate variables analytical system consists of the 122

disaggregation of the process by which a person is born, which revolves around three 123

key moments: (1) intercourse, (2) conception and (3) gestation and childbirth, giving 124

rise to eleven fertility-related variables [34]. Such a system was revised by J. Bongaarts 125

and R. J. Potter in 1983, turning it into the model of proximate variables. The 126

proximate variables proposed by Bongaarts are based on three biological variables: (1) 127

the postpartum barren interval, (2) the fertile interval and (3) the time to full 128

pregnancy (assuming a constant duration of 9 months) [35]. According to the authors, 129

these variables are the only ones susceptible to being affected by socio-economic and 130

environmental factors (according to Bongaarts) or cultural factors (according to Davis 131

and Blake). Aguinaga’s application of Bongaarts’ model of fertility to the Spanish case 132

is interesting from the point of view of the contrast between the Natural and Social 133

Sciences, since this model, according to the author, is too ’biological’ and too little 134

’sociological’ and does not show any causal relationship between the two realities, the 135

biological and the causal [36]. 136

Some of these fertility models mentioned above are quite effective in fitting the 137

fertility rate distributions, for instance, [37], using the least squares technique adjusted 138

the fertility curve for age-specific rates for a decade (from 1962 to 1971) in Denmark. 139

Among the functions fitted were: a cubic spline, the Hadwiger and Coale-Trussell 140

functions, the gamma and beta densities, two versions of a polynomial, and two of 141

Brass’s relational procedures, as well as the Gompertz curve. Results showed that the 142

spline function fitted all curves better than any of the others. The Coale-Trussell 143

procedure and gamma density were about equal, followed by the Hadwiger function and 144

fit the data well. One of the polynomials fit reasonably well, but the rest of the 145

functions were less accurate. 146

However, since Lee and Carter proposed their well-known model for forecasting 147

mortality, [38], a family of demographic models based on it has arisen. Hence, the 148

Lee-Carter (LC) approach for forecasting age patterns makes the model suitable for 149

modelling fertility as well. For instance, [39] develops methods for using time-series 150

techniques to make constrained long-term forecasts of fertility where the principal 151

interest is in the variance and the autocorrelation structure of the forecast errors. On 152

the other hand, [40], compares and assesses variants of the curve fitting and principal 153

components techniques (Lee-Carter model among them), to project age-specific fertility 154
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rates. Also based on the Lee-Carter model, [41] proposed a method for forecasting 155

age-specific mortality and fertility rates observed over time by applying a combination 156

of functional data analysis, nonparametric smoothing and robust statistics. 157

Nevertheless, difficulties arise when an attempt is made to ascertain the causes of 158

changes in fertility from an economic point of view (beyond quantifiable factors), in this 159

sense, family decisions in a socio-economic and psychological framework play a key role 160

in fertility. The economic analysis of fertility formulated by Becker in the ’60s is 161

important to understand this demographic variable within an economic framework and 162

it deserves to be explained in more detail, [42]. Becker’s contribution in this field is 163

decisive and comes at a time known as the “demographic transition”, i.e. the transition 164

from a sharp decline in the birth rate that took place during the 1930s to a sharp rise in 165

the birth rate in the post-war period. In this period, in 1960, the publication date of his 166

pioneering work on economics and fertility, Becker constructed a theory in which a 167

family (or couple if they had not yet children), measured the utility of their 168

consumption by including the number of surviving children. In this way, he presented 169

children as durable goods because they provided “psychic satisfaction” to their parents 170

over a long period, he even argued that they could be durable goods of production in 171

certain contexts and showed that “the theory of demand for durable consumer goods is a 172

useful framework for analysing the demand for children”. 173

Using this Economic Theory of Demand, Becker adapts it and builds his Economic 174

Theory of Demand for Fertility Decisions (this name does not exist actually as Becker 175

did not formulate any theory of demand for fertility ‘per se’, we just simply used the 176

name to distinguish it). In it, he argues that like other durable goods, children also 177

provide ”utility” and this utility is measurable and comparable to that of other goods 178

through their corresponding utility function or set of indifference curves. In this sense, 179

preference for certain tastes allows for differences in fertility. 180

The quality of children is also an aspect that influences the demand for them, in 181

the sense that a family should not only determine the number it wants to have but also 182

the amount it spends on them, establishing the concept of ”superior quality” for those 183

children on which parents spend more money. 184

The level of income is another factor that influences the “quality” of children since 185

it can be expected that an increase in the level of income, in the long run, should 186

increase the amount spent on each child and consequently an increase in the quality of 187

the children. 188

On the other hand, Becker argues that the net cost of children can be calculated as 189

either positive or negative. If they were positive, the children would be a durable 190

consumers as a whole and it would be necessary to assume that an income or psychic 191

utility is received from them. If the net costs were negative, the children would be a 192

durable good of production and a pecuniary rent would be received from them. 193

Finally, the concept of supply in this Economic Theory of Demand for Fertility 194

Decisions is subject to two important aspects: on the one hand, a certain uncertainty 195

that implies distinguishing between current utility and expected utility, and on the 196

other hand, the number of children is not only related to the level of income and prices, 197

but also to the ability to have children. In the 1960s, the average number of live births 198

produced by married women in societies with little knowledge of contraception was very 199

high, so the average family was more likely to have a high number of children than a 200

low number. 201

Subsequently, as knowledge of contraceptive methods became more popular, the 202

quality of children and the number of children decreased. 203

The main conclusion and what we can extract from Becker is that family decisions, 204

and above all when it comes to having children, are taken in a social and economic 205

environment in which the quantity and quality of children are closely related and 206
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depend on socio-economic variables and factors. Thus, an increase in income or a 207

decrease in the cost of children would affect both the quantity and quality of children, 208

usually increasing both. The quality of children is very important in its own right, as it 209

determines the education, health and motivation of the future workforce. 210

In 1988, along with Barro, Becker extended his theory arguing that altruistic parents 211

choose fertility and consumption by maximizing a dynastic utility function [43]. In their 212

work, Becker and Barro developed an economic analysis that implies several linkages: 213

first, between fertility rates and capital accumulation across generations. The utility of 214

parents depends not only on their own consumption but also on the utility of each child 215

and the number of children. By relating the utility of children to their own consumption 216

and to the utility of their children, the authors obtain a dynastic utility function that 217

depends on the consumption and number of descendants in all generations. To maximize 218

this dynastic utility function, according to the authors, the first-order conditions imply 219

that any generation depends positively on the real interest rate and the degree of 220

altruism. The second linkage is between the effects on fertility of mortality of children, 221

subsidies to (or taxes on) children and social security and other transfer payments to 222

adults. The third connection links fertility and population growth to international 223

capital markets showing that fertility in an open economy depends positively on the 224

long-term interest rate and negatively on the rate of technological progress. 225

In the same line, that is, the one explaining there are other components influencing 226

fertility, [44] concludes that the economic perspective is insufficient for this task and 227

that some other factors or contexts play an important role, such as cultural and social. 228

Subsequently, in models built in recent years, the patterns of fertility data in 229

developed countries show considerable variation related to the fertility curve. In this 230

sense, [45] proposed a model where flexibility is the key aspect because it combines the 231

old and new patterns of fertility and gathers the influence of the practices in marriage 232

and childbearing, remarriage, widowhood and divorce. 233

Countries show inequalities concerning the age at which fertility rates peak and the 234

varying speed with which the peak is approached from the beginning and then passed to 235

reach the end of the fertility period, [46], other countries such as the United Kingdom, 236

Ireland, and the United States show heterogeneous fertility patterns, which may be 237

associated to some extent with marital status and the educational and social status of 238

mothers. Moreover, in these countries, this heterogeneity in fertility patterns can be 239

explained by ethnic differences in the timing and number of births [47], [48]. 240

Because of this heterogeneity, existing models cannot capture the modern fertility 241

pattern. To overcome this, [49] propose a mixture of Hadwiger’s function. The 242

Hadwiger function is given by the expression h(x) = ↵�
�
p
⇡

��
x

� 3
2 exp

�
� �2

��
x + x

� � 2
� 

, 243

where ↵, � and � represent the estimated parameters and x is the age of the mother at 244

the birth of the child. 245

Among the models used to represent the age-specific fertility pattern of populations 246

that do not show high early fertility, several have been shown to provide ’fairly’ 247

accurate fits to fertility distributions. These include, for example, the parametric 248

fertility model proposed by [50] [51], which is still widely used today; it is a hybrid 249

model (empirical and parametric) and its basic form is 250

f(a) = T ·G(a) · n(a) · em·v(a)

It is therefore a four-parameter fertility model (m, M, a0 and k), which are more 251

parameters than necessary for efficient representation. Although the model has the 252

virtue of having parameters that have some real-world interpretations, these parameters 253

cannot be measured in real populations, so it is difficult to fit the model to them. 254

Extensions to the Coale-Trussell model have been proposed by [52–54] to make it less 255

restrictive and more capable of capturing fertility in a wide range of populations, 256
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although the suggested modifications are relatively minor in terms of their overall 257

impact. 258

The Beta and Gamma distributions are equivalent to Pearson’s Type I and III 259

curves, respectively, proposed by [37], the same Hadwiger distribution (also mentioned 260

above) and the cubic splines [55, 56] has also been found to be highly accurate and are 261

in common use. In addition, the Pearson Type I curve [57], Pearson’s Type III 262

Curve [58] and the model proposed by [59] have shown a good predictive fit, since all of 263

them, directly or indirectly, have their origin in the P/F ratio method proposed by 264

William Brass in 1964, which, although it has been modified and replaced, in its original 265

form, by Gompertz’s relational model, the basis of the method is based on the 266

observation that if fertility has been constant over a long period, the cohort and period 267

fertility measures will be identical. Under constant fertility conditions, the cumulative 268

fertility of a cohort of women up to any given age will be the same as the cumulative 269

fertility up to that same age in any given period. If we assume that there are no 270

appreciable mortality differences in maternal fertility, so that surviving women do not 271

have significantly different levels of childbearing than deceased women, the cumulative 272

fertility of a cohort of women up to a given age is the same as the Mean Parity in that 273

cohort (this assumption is not very important, since even if there are differences in the 274

fertility of living and deceased women, in most populations, the magnitude of female 275

mortality at reproductive ages is very small and therefore the differential survival effect 276

will be small). Brass defined P as “the average parity (cumulative lifetime fertility) of a 277

cohort of women up to a given age, and F is closely related to the cumulative fertility 278

(period) up to that same age”. The ratio method expresses these two quantities about 279

each other in the form of a ratio for each age group [60]. 280

The main weakness of the method is that in reality, the data are never free of error, 281

so the hypothesized pattern of deviation from the unit ratio P/F is confounded by the 282

underlying errors in the data. 283

The second type of error encountered, less frequent nowadays in developed countries 284

as births are reported by the hospitals and will not encounter these problems with this 285

reporting system, is that women tend to omit some of their live-born children, 286

particularly those living in other households and those who have died, with the result 287

that the proportion omitted tends to increase with the age of the mother, causing the 288

P/F ratio to increase [28]. 289

To overcome this, Gompertz’s relational model is presented as a versatile 290

improvement since it uses the same input data (and makes the same assumptions about 291

errors affecting fertility data) as its precursor. However, it is important to remark that 292

the method does not require the assumption that fertility has been constant in the 293

past [61, 62]. 294

Several other authors focus their analyses on applying and fitting the models 295

described above to specific populations and specific countries, for example, [63] use 296

descriptive aggregate analyses to examine the relationship between the low (and the 297

lowest) period of fertility and the cohort fertility and the key fertility-related behaviours, 298

such as leaving the parental home, marriage and female labour force participation, in 299

Europe from 1975 to 1999. 300

On the other hand, [64] approaches the issue from the perspective of developments in 301

Israel and Palestine by discussing some possible future scenarios for the emerging 302

population, highlighting the variety of demographic and social processes that have 303

affected or may affect the change in size and distributions of the population of Arabs 304

and Jews in the territory between the Mediterranean Sea and the Jordan River. 305

Instead, [65] applies the ‘variable-r ’ method (variable-r means ‘variable rate’) from 306

the Preston and Coale model. This model is the second of what later became known as 307

the Death Distribution Methods, for estimating the completeness of death reporting 308
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about a population estimate at a given point in time, although primarily used for 309

mortality projections, the variable rate approach of Preston and Coale means that it 310

can be used to estimate various demographic measures. Therefore and based on that 311

method to assess the level of fertility in China using census data as well as annual 312

population surveys from 1990 to 2000, concluded that, with the proposed methodology, 313

fertility in the country has reached a level well below replacement level. 314

In the American continent, [66] presents Brazilian fertility trends during the previous 315

(20th) and present (21st) centuries and, emphasizes the importance of individual profiles 316

for fertility decisions and [67] examines the socioeconomic associated with cumulative 317

fertility in Ghana. Negative binomial regression models were used to estimate 318

determinants of cumulative fertility using data from the Ghana Demographic and 319

Health Surveys of 2003, 2008, and 2014 320

If we turn out our attention to Europe, interesting is also the approach of [68], as 321

they apply functional data models and time-series methods to forecast the components 322

of change in mortality, fertility and net international migration and use them in 323

forecasting the population of France [69]. Such a probabilistic population forecast is 324

compared with the official population projections for the country, which are based on 325

traditional deterministic scenarios. For France, also [70] propose a Spatio-temporal 326

geostatistical model for the TFR of the country whose objective is the simultaneous 327

study of the spatial and temporal behaviour of the TFR for predictive purposes. 328

However, [71], focus their attention on Italy; in the former’s study, the aim is to 329

describe the process of birth postponement and recovery in Italy, a country, like Spain, 330

with persistently very low fertility levels, where they find that recovery is currently 331

underway in the northern regions of Italy, signs of recovery that are, above all, evident 332

among younger generations and more educated women. Still in Italy but more 333

recently, [72], propose a dynamic model to describe and predict the evolution of Italian 334

fertility rates for a specific age over time; In particular, they slightly modify the Gamma 335

function to include stochastic time-varying parameters to describe the systematic and 336

macroscopic variations of age-specific fertility rates over time, while a non-parametric 337

geostatistical model is applied to describe the correlated residuals at the microscopic 338

level. 339

On the contrary, [73] provides a new approach consisting of mixing several 340

distributions to predict future women’s reproductive behaviour. In other words, starting 341

from the most used distributions to studying the fertility curves, the Gamma 342

distribution, the Beta distribution, and the Hadwiger function, the author has tried to 343

approximate the method for Estonian data. 344

Perhaps, one of the most interesting works in the last years is the one by Burkimsher 345

who studies the evolution of the fertility curves of the 1968 to 1980 cohorts of women in 346

22 developed countries showing that for some countries the transition from an early to a 347

late fertility schedule goes through a phase when the first birth fertility curve is 348

bimodal. In other countries, a model ‘shoulder’ is apparent and concludes that the 349

existence of a bimodal fertility curve suggests the polarization of women into one group 350

that remains longer with an early fertility schedule and a second group that moves more 351

rapidly on to a later schedule [74]. 352

For the Spanish case, [75], offers a new proposal. In the period between 1985 and 353

1999, the author studies whether the significance of religion on fertility (both in family 354

size and in the birth interval) has changed during that time. 355

On the other hand, [76], propose a parametric model for fitting fertility curves based 356

on a combination of two Weibull functions, which performs a good fit in countries where 357

the fertility curve shows a non-traditional pattern, however, is also suitable for more 358

’classical’ fertility curve fitting. The model depends on six parameters and is primarily 359

designed to fit fertility patterns in countries with an early ’age hump’. Based on that, 360
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the authors conclude that while it does not provide the best fit in all simulated cases, it 361

can improve the fit other models provide, depending on more parameters. 362

More recently and based on a more quantitative and technical approach, [77] present 363

a methodology for generating stochastic population projections that combine the 364

cohort-component method (the reference method used in most statistical studies in this 365

area) with Monte Carlo simulation of two of the main demographic data: fertility rates 366

(by age) and survival probabilities (by age and gender). The Monte Carlo simulation is 367

based on a parameterisation of the corresponding curves and a multivariate time series 368

model which is used to simulate future scenarios. In the part referring to fertility 369

projections, the authors conclude that this projection for Spain will converge with that 370

of the rest of the European countries also simulated, which is around 1.8 children per 371

woman. 372

As stated before, extensions to the LC model combined with other approaches have 373

been widely used in demographic models within a Bayesian framework have been 374

developed. These models work better only when incorporating information about 375

observed data or future patterns [78]. In this line, the work of [79] introduces a 376

Bayesian projection model to produce country-specific projections of the TFR and uses 377

a Bayesian hierarchical model to project future TFR based on both the country’s TFR 378

history and the pattern of the countries. As it serves as the base model for our regional 379

projections we will go deeper in the next section. Following this kind of approach, [80] 380

proposes a Bayesian model for fertility that incorporates a priori information about 381

patterns over age and time; also, [81] develop a dynamic Bayesian approach to 382

forecasting populations by age and sex which embeds the LC-type models for 383

forecasting the age patterns. Also, [82] and [83] adopted a Bayesian hierarchical time 384

series model to estimate and project the provincial sex ratio at birth. 385

Lastly, the pandemic has also affected the behaviour of the population as it brings 386

socio-economic uncertainties that influence childrearing decisions. Although fertility 387

intentions and behaviour are not identical and often do not run in parallel, is beyond 388

any doubt that the Covid-19 pandemic has affected family dynamics. Moreover, the 389

lack of data does not draw significant conclusions yet on the long-term effects of the 390

pandemic on fertility. However, it is worth looking into the latest research on this 391

subject as, like any other shock (economic crisis, outbreak of disease, natural disasters, 392

wars,...) the impact on society; therefore, demography is determinant. 393

For instance, [84] assess the impact of the COVID pandemic on fertility intentions 394

and behaviour in the Republic of Moldova, a middle-income country in Eastern Europe, 395

using the Generations and Gender Survey. The contribution of [85] is interesting too as 396

their study presents an overview of changes in fertility plans during the pandemic crisis 397

in a sample of the population between 18 and 34 years old in Italy, Germany, France, 398

Spain and the United Kingdom, showing that these plans were negatively revised in all 399

countries although not in the same way. 400

On the other hand, [86], studied the most recent data on monthly births trends to 401

analyze the initial fertility responses to the outbreak of the COVID-19 pandemic in 22 402

countries, associating this outbreak with an accelerated decline in the number of births 403

in most of the highly developed countries studied in November 2020-January 2021. In 404

the same line of work, [87] compiled the most recent available data for reported 405

COVID-19 cases (deaths) worldwide, for 22 high-income countries, by comparing the 406

disease profile to pandemics of the past, they assess its association with births, to try to 407

understand how pandemics change population dynamics. 408

The contribution of [88] is equally interesting as their contribution tries to 409

understand also the consequences of the Covid-19 pandemic on subnational fertility 410

patterns in contexts of high inequality and limited governmental response, like Brazil 411

and Colombia, which is relevant for other societies where geography and socioeconomic 412
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status are critical axes of inequality. 413

[89] aimed to contribute to the empirical literature by examining the effects of 414

pandemics-related uncertainty on fertility behaviour. Indeed, they focus on 415

precautionary savings motivation to explain the level of fertility rate and changes. Using 416

a novel measure of pandemics-related uncertainty, the World Pandemics Uncertainty 417

Index (WPUI), the authors show that uncertainty related to COVID-19 decreases the 418

fertility rate. 419

Finally and despite what was mentioned earlier the lack of data does not yet allow 420

us to assess the demographic impact of the pandemic but some works already try to 421

project the future by incorporating the effects of COVID-19. For this reason, [90], in 422

the absence of more timely data, use data from Google search term volume for keywords 423

related to fertility to predict some features of fertility change expected from the 424

pandemic in the United States at the state level that is: the direction, magnitude, and 425

timing of fertility change. Also, [91] examine fertility trends up to 2019 in the United 426

Kingdom and discuss the possible impact of the COVID-19 pandemic on childbearing 427

behaviour. Based on this, the authors draw several possible future scenarios for fertility 428

rates. On the other hand, [92] assesses the potential impact of the pandemic on fertility 429

based on an adjusted version of a stochastic approach already used but for excess 430

mortality estimation [93]. 431

3 Methodology 432

3.1 Data processing 433

The data for Spain were obtained from registers at the municipality level, the padrones 434

municipales (Municipal Population Registers). This population registers records 435

individuals by recording their nationality, place of birth, age, or marital status. Since 436

1996, the Spanish Padrón has been updated annually with the National Statistical 437

Institute (INE) being responsible for quality control. The INE makes this data available 438

under the name Padrón Continuo (continuous register) and usually took 2 years for the 439

Spanish population registers to become reliable. 440

To address the mapping of the TFR in Spain, in fig. 3, we have compiled data from 441

the Padrones municipales on the INE website for 2018 (http://www.ine.es). Maps are 442

based on the global administrative area database provided freely available for academic 443

use (https://gadm.org/license.html), transformed by the authors to be consistent with 444

INE data. 445

Evolution of the TFR, fig.4 was built from 1981 to 2019 and for the projections of 446

the TFR at the national and regional level, (figs. 6 and 7), data range from 1950 to 447

2018 with a 5-year periodicity and estimations are projected up to 2100. All the figures 448

and projections were produced with the statistical software R and the research is fully 449

reproducible with the files available in a public repository (see Data availability 450

statement). 451

3.2 Methodology 452

As stated in the previous section, the proposed Bayesian model for fertility projection is 453

based on [79] and [27], therefore, ours is a derivation of the UN’s model to the 454

sub-national level. In the model, a random walk with drift is used to project the TFR 455

during the fertility transition, using a Bayesian hierarchical model to estimate the 456

parameters of the drift term. The TFR is modelled with a first-order autoregressive 457

process during the post-transition phase. It uses 5-year estimates of the TFR from 458

1950-1955 to 2005-2010 and is based on the observation that the evolution of the TFR 459
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includes three broad phases, referred to as, Phase I : a pre-transitional high fertility 460

phase; Phase II : the fertility transition in which the TFR declines from high fertility 461

levels towards or below replacement fertility level; and Phase III, a post-transition 462

phase of low fertility, which includes the recovery from below-replacement fertility to 463

replacement fertility and oscillations around fertility at that same level. The observation 464

period for each region is divided into these different phases based on deterministic 465

definitions of their start and end periods and then modelled separately. Thus, we define 466

⌧c as the beginning of the Phase II for country c, which is given by 467

⌧c =

(
max{t : (Mc � Lc,t) < 0.5}, if Lc,t > 5.5

< 1950� 1955, otherwise

where Mc is the result of the maximum observed TFR in region c, and Lc,t indicates
the local maximum. The period of onset of Phase III, denoted by �c for region c, is
observed within the observation period if two subsequent increases below a TFR of 2
have been observed. For these regions,

�c = min{t : fc,t > fc,t�1, fc,t+1 > fc,t y fc,p < 2 for p = t� 1, t, t+ 1}

is the TFR in region c and in period t. For the rest of the regions, fc > 2005� 2010.
The proposed method does not model Phase I, so it is treated as it is, however, if 468

any region is in this phase, it is assumed to be in Phase II in the following period, so 469

this first phase is not relevant for the projections. 470

3.2.1 Phase II model: fertility transition 471

The fertility transition phase is modelled by a random process with drift specified as 472

fc,t+1 = fc,t � dc,t + "c,t, for ⌧c  t < �c (1)

where fc,t is the TFR over the five-year period t in the region c, dc,t is the decremental 473

term that models the systematic decline during the fertility transition, dc,t is the 474

decremental term that models the systematic decline during the fertility transition, 475

varepsilonc,t is a random distortion that models the deviation from systematic decline, 476

⌧c is the period of onset of fertility decline and �c is the period of onset of 477

post-transitional Phase III defined above. The distributions of the random distortions 478

in each period are given by 479

"c,t ⇠
(
N(mt, s2t ) for t = ⌧c
N(0,�(fc,t)2) otherwise

where m⌧ is the mean and s⌧ is the standard deviation of the distortion in the starting 480

period. The quantity �(fc,t) is the standard deviation of the distortions during the 481

subsequent periods, given by the expression 482

�(fc,t) = c1975(t)
�
�0 + (fc,t � S)(�aI[S,1)(fc,t) + bI[0,S)(fc,t))

�

where �0 is the maximum standard deviation of the distortions, reached at the S level 483

of the TFR, and a and b are standard deviation multipliers to model the linear decrease 484

for larger and smaller TFR results. The constant c1975(t) is added to model the higher 485

error variance of the distortions before 1975 and is given by 486

c1975(t) =

(
c1975, t 2 [1950� 1955, 1970� 1975]

1, t 2 [1975� 1980,1)
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The decrement dc,t in (1) is modelled as a function of the level of the TFR as follows:

dc,t = d(✓c,�c, ⌧c, fc,t) =

(
g(✓c, fc,t) for fc,t > 1

0 otherwise

where g(·, ·) is a parametric declining function. This function specifies a five-year 487

decline (decrement) as a function of the normal level of the TFR and the vector ✓. The 488

decrement function is the sum of two logistic functions, i.e. a double or bi-logistic 489

function (as detailed in United Nations, Dept. of Social and Economic Affairs, 490

Population Division, 2019 [94]). The double logistic function with the region-specific 491

vector parameter ✓ = (4c1,4c2,4c3,4c4, dc) is given by 492

�dc

1 + exp
⇣
� 2ln(p1)

4c1
(fc,t �

P
i 4ci + 0.54c1)

⌘+ dc

1 + exp
⇣
� 2ln(p2)

4c3
(fc,t �4c4 + 0.54c3)

⌘

where dc is the maximum possible rate of decline, p1 = p2 = 9 are constants and 493

40
cis describe the TFR ranges within which the rate of fertility decline changes, where 494

Uc =
P4

i=1 4ci is the level of onset of fertility decline (Fig. 5). 495

[Fig5 left and Fig5 right]

Fig 5. Phases of the TFR evolution. Three phases of the typical TFR evolution
for the example of Spain (left); chart of a double logistic decline curve (right). The
right figure shows a double logistic decline curve for Spain with its parameters defining
the shape fc,t on the x axis denotes the TFR, while g(✓c, fc,t) on the y axis denotes
the first order difference in TFR. Source: Own elaboration.

The parameters of the declining function are estimated for each region. For regions 496

in which the onset period Uc of the fertility transition is within the observation period, 497

the onset level Uc is set to the TFR in that period, Uc = fc,⌧c . For regions where the 498

transition started before the observation period, the onset level is added as a parameter 499

to the model, with the prior distribution 500

Uc ⇠ (min{5.5,max
t

fc,t}, 8.8).

Given the starting level Uc, the five parameters that determine the rate of fertility 501

decline and the time it takes for the transition in region c are 502

4c4, {4ci/(Uc �4c4) : i = 1, 2, 3}, and dc. 503

To estimate the parameters in each region, we use a Bayesian hierarchical 504

model [95] [96] given by 505
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d⇤c = log

✓
dc � 0.25

2.5� dc

◆
,

d⇤c ⇠ N(�, 2),

4⇤
c4 = log

✓
4c4 � 1

2.5�4c4

◆
,

4⇤
c4 ⇠ N(44, �

2
4),

pci =
4ci

Uc �4c4
para i = 1, 2, 3,

pci =
exp(�ci)P3
j=1 exp(�cj)

,

�ci ⇠ N(↵i, �
2
i ),

with parameters of mean and variance {�, 2,44, �4,↵, �}. 506

In the post-transition modelling phase the change in TFR is modelled by a 507

first-order autoregressive time series model, i.e. AR(1) with a mean set approximately 508

at the replacement fertility level µ = 2.1: 509

fc,t+1 ⇠ N(µ+ ⇢(fc,t � µ), s2) for t  �c

where ⇢ is the autoregressive parameter with |⇢| < 1 and s is the standard deviation of 510

the random errors. Both parameters are estimated by maximum likelihood. 511

Finally, the projections of the TFR during the fertility transition for regions in 512

Phase II are based on the model for this phase, as discussed above, using the sample 513

posterior distribution of the model parameters. 514

Finally, according to [27] is important to remark that the median (rather than the 515

mean) is used as the best ‘projection’ because of its robustness to the tail behaviour of 516

the posterior distributions: regardless of the shape of the posterior distribution, half of 517

the TFR trajectories are above, and half of the trajectories are below the median. 518

4 Results 519

4.1 Fitting and projections at national level 520

The probabilistic projections for the Spanish TFR at regional levels include uncertainty 521

bounds. These bounds are remarkable for less developed regions, with less available 522

data or where more recent observed data entries do not exist. 523

From a computational point of view, to obtain these projections, three steps have 524

been followed in the following order: 525

1) Adjustment of the TFR projection model, for which: 526

(a) The starting period of Phase II and the starting period of Phase III have been 527

calculated for each region (⌧c and �c). This phase, in our case, is common to the whole 528

process. 529

(b) A posterior sample of the Phase II model parameters has been obtained using 530

the MCMC algorithm. 531

2) Future TFR trajectories have been generated (this step includes the estimation of the 532

AR(1) model parameters in Phase III using the maximum likelihood estimation 533

method). 534

3) The results have been analysed using a set of functions that summarise, plot, 535

diagnose and export the results of the previous two steps. 536
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We detail the logical sequence of execution for step 1, i.e., the TFR projection model 537

fitting in the S1 Appendix. 538

A summary of the simulated parameters for Spain are shown in Tables 1 and 2: 539

Table 1. Empirical mean and standard deviation for each variable, plus
standard error of the mean.

Mean SD Naive SE Time-series SE
d1 0.87805 0.222604 0.0040642 0.0242830
d2 0.93463 0.290494 0.0053037 0.0444689
d3 0.85959 0.205225 0.0037469 0.0243039
4⇤

c4 0.49771 0.312075 0.0056977 0.0266451
d4 1.18525 0.657369 0.0120019 0.1198672

Uc724 7.23997 0.942422 0.0172062 0.0172611
dc724 0.15115 0.057671 0.0010529 0.0015251

4c4,c724 1.77613 0.343262 0.0062671 0.0105829
�t1,c724 0.06726 0.069615 0.0012710 0.0018478

Table 2. Quantiles for each variable.

2.5% 25% 50% 75% 97.5%
d1 0.50418 0.71747 0.86230 1.01957 1.34928
d2 0.47444 0.73158 0.90539 1.08324 1.65377
d3 0.48672 0.71673 0.85140 0.98991 1.29804
4⇤

c4 -0.09077 0.31455 0.51002 0.69595 1.04759
d4 0.54755 0.85690 1.06003 1.29358 3.32724

and the statistical parameters for the projected trajectories are shown in Table 3: 540

Table 3. Projected TFR simulations for Spain.

Year Mean SD 2.5% 5% 10% 25% 50% 75% 90% 95% 97.5%

2023 1.38 0.102 1.16 1.19 1.24 1.33 1.39 1.45 1.49 1.54 1.55
2028 1.41 0.128 1.14 1.18 1.25 1.34 1.41 1.51 1.57 1.58 1.61
2033 1.46 0.152 1.17 1.19 1.26 1.38 1.47 1.56 1.64 1.68 1.70
2038 1.52 0.179 1.18 1.20 1.26 1.39 1.54 1.63 1.72 1.78 1.84
2043 1.55 0.198 1.17 1.19 1.29 1.39 1.56 1.69 1.79 1.83 1.84
2048 1.55 0.185 1.22 1.22 1.29 1.41 1.58 1.67 1.77 1.84 1.85
2053 1.58 0.181 1.22 1.26 1.37 1.45 1.59 1.72 1.78 1.87 1.90
2058 1.61 0.185 1.25 1.31 1.40 1.48 1.61 1.75 1.85 1.91 1.97
2063 1.63 0.198 1.23 1.28 1.39 1.50 1.64 1.78 1.84 1.96 2.00
2068 1.64 0.192 1.27 1.33 1.35 1.52 1.65 1.78 1.86 1.90 2.02
2073 1.65 0.173 1.28 1.32 1.43 1.54 1.68 1.78 1.82 1.89 1.94
2078 1.67 0.188 1.32 1.37 1.41 1.55 1.70 1.81 1.86 1.98 2.01
2083 1.67 0.194 1.31 1.32 1.37 1.53 1.71 1.83 1.87 1.92 1.96
2088 1.69 0.189 1.35 1.40 1.45 1.55 1.70 1.82 1.89 1.99 2.07
2093 1.70 0.201 1.41 1.42 1.47 1.54 1.70 1.85 1.93 1.99 2.11
2098 1.70 0.220 1.37 1.43 1.46 1.53 1.67 1.87 1.96 2.00 2.15
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The projected simulations of the TFR are shown in Fig. 6: 541

[Fig6 left and Fig6 right]

Fig 6. Probabilistic projections of TFR. TFR projections: median, 80%, and 95%
prediction intervals and high/low fertility variant (left); Probabilistic projections of
total fertility. Decline curves (based on the double logistic function) from the Bayesian
hierarchical model, Median, 80% and 95% prediction intervals (right). Source: own
elaboration.

The left figure shows the Bayesian hierarchical model projections of total fertility 542

using the estimates from the ‘World Population Prospects. Revision 2019’ [94]. Note 543

that only a small selection of the probabilistic total fertility trajectories (grey lines) is 544

shown for illustration. The median projection is the bold solid red line, and the 80% 545

and 95% projection intervals are shown as dashed and dotted red lines, respectively. 546

High-low fertility variants correspond to +/- 0.5 children around the median trajectory 547

shown as blue dashed lines. The replacement level of children per woman would be at 548

level 2.1, although it is not shown in the graph. 549

The graph on the right shows the Bayesian Hierarchical Model (BHM) decline curves 550

for total fertility that have been made also with the fertility estimates from the ‘World 551

Population Prospects. Revision 2019’. As in the previous model, it should be noted that 552

only a small selection of the double logistic probability trajectories (grey lines) is shown 553

for illustration. The observed five-year decreases in total fertility level are shown with 554

black dots if they refer to periods of the fertility transition defined as Phase II (i.e. 555

from high to low fertility). The median projection is the bold solid red line, and the 556

80% and 95% projection ranges are shown as dashed and dotted red lines, respectively. 557

Phase I data refer to the period before the onset of the fertility transition (if it occurred 558

since 1950). Phase III data refer to the period after the low-fertility transition not 559

modelled using the double logit model, but using a first-order autoregressive time series 560

model, AR(1). 561

The fit of the model simulation for Spain is quite accurate as the starting point puts 562

the fertility rate at around 1.3 births per woman, similar to that provided by Eurostat 563

which is 1.23 (https://ec.europa.eu/eurostat). In addition to this, the most interesting 564

insight is the projections made by the model, which can be seen to be approaching the 565

rate of 1.8 births per woman, a rate that is in line with the projections made by 566

Osés-Arranz et al., (2018) [77] discussed earlier when we talked about the projection 567

models for the Spanish case. 568

4.2 Projections at the regional level. 569

One of the main contributions of this work has been the fitting and projection of the 570

TFR at the regional level. We have followed the same methodology and procedure as for 571

the national case and computed the probabilistic projections for the regional TFR 572

including also uncertainty bounds. Fig. 7 shows the TFR for each region (Spanish 573

regional division accounts for a total of 17 regions or ‘Comunidades Autónomas’ ) each 574

of them with a certain degree of autonomy but dependent on the national government 575

itself. 576
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[Figure 7]

Fig 7. Probabilistic projections of the TFR at the regional level. TFR
projections: median, 80%, and 95% prediction intervals and high/low fertility variant
for each region. Source: own elaboration.

4.2.1 Discussion on regional differences. 577

Spanish national-level projections are included in the upper left chart just to compare 578

with the regions. Although the projected trend in TFR is unequivocally upward in the 579

long-term for all Spanish regions, the intensity and timing are not the same for all of 580

them. There are regions which, on the one hand, showed greater precocity in the onset 581

of the fertility decline in the past, so it is worth highlighting these peculiarities; on the 582

other hand, it is not possible to speak of uniformity concerning the amount of the 583

increase, since this is not homogeneous throughout the territory and, likewise, not all of 584

them always coincide in the changes in the trend. To compare the evolution of each 585

region with that of Spain as a whole, the provinces have been grouped by area, making 586

them coincide with their membership in the current autonomous communities (the 587

so-called regions). 588

Particularly interesting are the cases of those regions with a projected TFR close to 589

the replacement threshold level, that is 2-2.1 births, i. e. Cataluña, Andalućıa, Canarias 590

and Murcia, especially because as a starting point they are quite below the threshold, in 591

any case, these are the regions that contribute most to the increase in the TFR at the 592

national level and although the Spanish population is projected to grow for the rest of 593

the century, it tends to stabilize at the end. For these regions mentioned, immigration 594

plays an important role as these regions concentrate higher rates of people coming from 595

other countries, especially Andalućıa, Canarias and Murcia are receiving people from 596

African countries cities like Almeŕıa, Melilla, Ceuta, La Ĺınea de la Concepción, 597

Algeciras, Sanlúcar de Barrameda (Andalućıa); Lorca and Cartagena (Murcia); Santa 598

Coloma de Gramenet, Rub́ı, Reus, Sabadell and Terrassa (Cataluña) are the cities with 599

the highest number of children per woman [97]. The migration phenomenon is relevant 600

in the Spanish case and although our analysis has been carried out without 601

differentiating the nationality the migration issue remains open for further research to 602

analyze the fertility pattern between nationalities (Spanish and foreigners). 603

On the other hand, the regions with lower projected TFR were Cantabria, 604

Castilla-León, Extremadura, and Galicia; in fact, cities like Torrelavega, Santander, 605

Gijón (Cantabria); Ferrol, Vigo and A Coruña (Galicia) are the cities with the lowest 606

number of children per woman [97] this is somehow related with another important 607

problem faced by Spain: the depopulation of rural areas. According to data from 608

2020 [98], the five Spanish functional urban areas with the largest populations (over one 609

million inhabitants) are Madrid (6.30), Barcelona (5.22), Valencia (1.58), Seville (1.31) 610

and Málaga (1.01). Together, they account for 15.42 million inhabitants, 32.56% of the 611

Spanish population. That means that a significant part of the rural population in areas 612

with fewer employment options has tended to leave their homeland, mainly for the cities 613

that make up the major national economic centres or to go abroad. This is in line with 614

the TFR at the municipality level map shown in fig. 3 where the areas with a TFR 615

close to zero are placed in Extremadura, Cantabria and Castilla-León. They are regions 616

with lower rates of employment, industrialization and population. Note that Seville and 617

Málaga are urban areas with over one million inhabitants. Despite Andalućıa having 618

small areas suffering depopulation, there is a concentration in the largest cities, 619

contributing, as we see above to increase the fertility in this region. 620
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5 Conclusions 621

In this study TFR evolution and probabilistic projections for Spain have been 622

implemented and analyzed; in the research section, we conducted a review of the 623

literature on fertility and age structure models which has tried to collect those works 624

that have contributed to the improvement in this demographic area. In the empirical 625

section, we used a Bayesian hierarchical model to fit and project the TFR at the 626

regional level. 627

Fertility decline is a phenomenon that has traditionally been of interest to 628

demographers, economists, policy-makers, politicians and, more recently, the general 629

public. Population problems mainly refer to the progressive ageing and non-replacement 630

of generations in developed countries as a result of the fertility decline. 631

In Spain, we have seen that two effects play a crucial role: migration and 632

depopulation but in addition to that, the lack of public aid, the loss of income for 633

women after motherhood, the difficulty of reconciling working time and parental (and 634

due to this, the lack of co-responsibility of many men in child-bearing) are among the 635

worrying factors of the phenomenon. It is a structural problem because demographic 636

factors themselves are not strong enough to push fertility down, but an exogenous 637

factor, industrialization, is needed to cause a profound change in the social, economic 638

and cultural structures of a country and force the demographic system as a whole to 639

adapt so that the demographic transition can begin, [99]. 640

The probabilistic model we have used, adapted to the Spanish population and used 641

to simulate projections tens of years ahead, is a very useful tool to measure and manage 642

longevity risk. This is an important issue for those who wish to hedge longevity risk 643

using published mortality rates, be they governments, pension plans, insurers or banks. 644

Moreover, longevity-based risk, while a challenge not only for demographers, 645

statisticians and actuaries but also for government agencies, can also present a broader 646

problem for insurance companies that use external data, such as population data, rather 647

than their internal policy data in their reserving models. The need to quantify and 648

reserve for any potential basis risk is receiving increasing focus, particularly under 649

Solvency II, therefore given the continuing increases in life expectancy, the use of the 650

best available methods is now mandatory, particularly by actuaries practising in the 651

insurance and financial risk industry, where the ramifications of inaccurate forecasts are 652

acute and although the magnitudes of ageing are uncertain, and forecast errors are likely 653

to be large, ageing policies can anticipate this, uncertainty should not imply inaction 654

and forecasts contain information that can be used in the design of social policies that 655

will have an impact on both the present and, more importantly, the future population. 656

However, probabilistic models based on Bayesian methods and hence the one we 657

used here, have some limitations. First, as the Bayesian inference entails the choice of 658

prior probabilities, the construction of hierarchical models relies on certain assumptions 659

that results are subject to such assumptions for countries with no or limited data. In 660

our case, this was not a problem as we had enough data but for countries more limited, 661

before fitting the model, data are adjusted for Completeness of Birth Reporting 662

(provided by the UNPD) and the biases used WPP 2019 (World Population Prospects) 663

estimates as reference levels [100]. In addition to that, from a computational point of 664

view is an intensive process, especially for models involving many variables. We ran 665

simulations for countries with large datasets with many variables being estimated, and 666

it took time. 667

Fertility models are used in a wide variety of situations, for example, to smooth 668

observed data as inputs into population projections or other analytical exercises. It is 669

important to note that the accuracy of models predicting demographic phenomena is 670

important when judging the quality of population forecasts. In aspects such as 671

information content, for example, one might ask whether the forecast predicts only the 672
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total population or also age groups. For policy purposes, on the other hand, it is 673

relevant to discern whether the predicted trend implies immediate policy measures. 674

However, the degree to which the forecast reflects actual trends is a key factor in 675

assessing its quality, particularly when the forecast is used for planning purposes. For 676

example, imagine a forecast for which the odds are one against two that will cover the 677

actual trends. Such a forecast must be handled much more cautiously than one that can 678

be expected to be wrong only one in five times. 679

Predictions of demographic phenomena (not only fertility but mortality and 680

migration) have become increasingly important in recent decades as life expectancy has 681

increased rapidly. Over the years, a large number of different approaches have been 682

proposed to model these phenomena, ranging from the simplest (the UN model 683

programme) to the most complicated (the Coale-Trussell model, for example). 684

Studies have shown that a three-parameter model can capture most of the variation 685

in observed fertility patterns. Models with more parameters, for most purposes, are not 686

necessary, and difficulties may be experienced in fitting such models to a small number 687

of data. The Gompertz relational model, for instance, is a very flexible three-parameter 688

system for modelling fertility, which has found application in many areas of 689

demographic work. 690
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Joshua Wilde. Max Planck Institute for Demographic Research (MPIDR). 951

Retrieved from: 952

https://www.demogr.mpg.de/mediacms/16382 main MPI2021 PV.pdf 953

93. Vanella P, Basellini U, Lange B. “Assessing excess mortality in times of 954

pandemics based on principal component analysis of weekly mortality data—the 955

case of COVID-19.” Genus, 2021, 77, 16. DOI: 10.1186/s41118-021-00123-9 956

94. Nations, U. “World population prospects: The 2019 revision.” United Nations 957

Economic and Social Affairs, 2019; 33(2), 1-66. 958

95. Lindley, DV, Smith, AFM. “Bayes Estimates for the Linear Model.” Journal of 959

the Royal Statistical Society B, 1972, vol. 34(1), 1-41. Available at: 960

https://www.jstor.org/stable/2985048 961

96. Gelman A, Carlin JB, Stern HS, Rubin DB. Bayesian Data Analysis, 2nd ed. 962

Chapman &Hall/CRC, Boca Raton, Florida (2004). 963

97. INE (Instituto Nacional de Estad́ıstica) (2020). Indicadores urbanos. Edición 964

2019. 965

98. INE (Instituto Nacional de Estad́ıstica) (2019). Indicadores urbanos. Edición 966

2020. 967

99. Bergmann N. “Men and Reconciliation of Work and Family: Supporting the Path 968

to Gender Equal Distribution of Parental Leave and Working Time”. Final report 969

(2017). Available at: 970

https://www.researchgate.net/publication/324861537 Men and Reconciliation of 971

Work and Family Supporting the Path to Gender Equal Distribution of 972

Parental Leave and Working Time Final report. 973

October 4, 2022 24/25



100. Liu P, Raftery AE. “Accounting for uncertainty about past values in 974

probabilistic projections of the total fertility rate for most countries”. Annals of 975

Applied Statistics, 2020;14(2):685-705. 976

Supporting information 977

S1 Appendix. Sequence of the adjustment of the TFR projection model. 978

Simulations of MCMC parameters and density distribution functions. 979

S1 Fig. Probabilistic projections of total fertility. Total fertility projections: 980

median, 80%, and 95% prediction intervals and high/low fertility variant (left); 981

Probabilistic projections of total fertility. Decline curves (based on the double logistic 982

function) from the Bayesian hierarchical model, Median, 80% and 95% prediction 983

intervals (right). Source: own elaboration. 984

S2 Fig. Parameters’ simulation. MCMC parameters’ simulation for 44 (left). 985

Spain’s parameters’ simulation, 4c4 (right). Source: own elaboration. 986

S3 Fig. Density of distributions of various country-independent 987

parameters. Source: own elaboration. 988

October 4, 2022 25/25


