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Abstract

According to demographic projections, advanced economies will face population decline

in the years and decades to come, particularly among working-age. Despite this im-

pending profound transition, there is little empirical evidence of corresponding labour

market implications. Tackling this shortcoming from a historical macroeconomic point

of view, we compiled a new dataset for nine advanced economies, covering demographic

and labour market variables on an annual basis from 1875 to 2016. By using a panel

smooth transition VAR (PSTVAR), we analyze macroeconomic labour market inter-

dependencies while simultaneously exploiting the cross-country variation to identify

non-linearities of these interdependencies conditional on the demographic regime, that

is periods of population growth or decline. Our results suggest that labour market

adjustments to population shocks are, in fact, non-symmetrical. Most notably, labour

supply shortages are mitigated by an increased participation rate, largely recovering

the pre-shock employment level. Also, investments recover more strongly compared to

periods of population growth. We find no clear effects on the unemployment rate and

wages.
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1 Introduction

A hitherto stylized fact, the perpetual growth of the population, is questioned in the short

and medium term by a range of demographic forecasts (e.g. UN 2019). In the years and

decades to come, depending on the scenario under consideration, advanced economies will

face a stagnation and, sooner or later, a decline of their populations. The latter is expected

to be particularly pronounced among those in working-age. In fact, as the solid line in figure

1 illustrates, the aggregate working-age population of advanced economies passed its ’tipping

point’ in 2018 and has been on decline ever since. Additionally, as the shaded area in figure 1

indicates, also the share of countries facing working-age population decline has seen a surge

in the past years and is expected to increase further in the upcoming decades. Thus, in

stark contrast to the more recent population history, the impending transformations will be

pronounced, widespread and enduring, providing a changed demographic context for most

advanced economies in the long run.

Undoubtedly, given the contemporary and future relevance for various countries as well as

the importance of demography for economic growth in general and the labour market in par-

ticular, questions about the economic implications of population decline emerge. Ultimately,

the expected developments may challenge other supposedly stylized facts as well, such as

the ever-accelerating growth of GDP (per capita) (Jones and Romer 2010) or the constant

Figure 1: Visualization of the impending or occuring working-age population decline
among advanced economies.

Source: UN 2019, medium variant. The definition of advanced economies follows that of IMF (2021).
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labour share in national income (Kaldor 1961). However, despite its occurrence or immi-

nence in most advanced economies, yet there is a substantial undercoverage of theoretical

and empirical research on the economic implications of population decline, in general as well

as with regard to the labour market.

In formal economic modelling most approaches assume a growing or at least stagnant popu-

lation (Jones 2020). On the contrary, population decline and the accompanying implications

have hardly been discussed yet. In the literature, some attempts have been made to in-

vestigate the effects of demographic changes in Ramsey-type models, for example when

population growth is not constant (Kajanovičová et al. 2020) or logistic (Brida and Accinelli

2007). Sasaki (2019) analyzes the consequences of negative population growth on the long

run growth rate of per capita output using a Solow-type growth model and demonstrates

that, if in such a setting the elasticity of substitution is less than unity, economic growth ex-

clusively depends on the rate of technological progress. Christiaans (2011) as well as Sasaki

and Hoshida (2017) use semi-endogenous growth models to investigate the effects of popula-

tion decline on economic growth. The results suggest varying responses of economic growth

to negative population growth, depending on the assumed depreciation rate of capital. More

recently, Jones (2020) demonstrates that, in the case of population decline, endogenous and

semi-endogenous growth models lead to an “Empty Planet”, that is stagnating living stan-

dards and knowledge. By taking one step further and endogenizing fertility, Jones (2020)

shows that economic growth can be resumed even under conditions of population decline if

the economy switches to an optimal allocation soon enough.

Among empirical studies, the undercoverage is even more distinct and may be explained

by the fact that there have been comparatively few periods of population decline among

advanced economies in the recent past, hampering the reliable identification of its effects.

Consequently, existing research on the demography-economy-nexus focuses on a variety of

different issues: a multitude of empirical studies analyze the effects of population growth (see

Headey and Hodge 2009 for a comprehensive meta-study), population ageing (e.g. Acemoğlu

and Restrepo 2017; Börsch-Supan 2008) or changing mortality, fertility, and human capital

patterns (for many: Barro 1991, Barro and Lee 1994, Barro 1998, Bloom and Williamson

1998, Hall and Jones 1999) on economic growth. From a more conceptual perspective, both

the secular stagnation debate (e.g. Eggertsson et al. 2019) and the unified growth theory

(e.g. Cervellati et al. 2017), among others, have addressed the role of demography for long-

term economic development. Conversely, population decline has not yet drawn attention in

the literature.

Thus, sparse theoretical contributions such as the more recent by Jones (2020) suggest

that the economic effects of growth and decline in the population do not need to follow
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symmetrical paths. But, as noted, labour market questions relevant in context of population

decline, such as the behaviour of wages, the capital utilization of firms or the elasticity

labour supply when the labour force is declining or aggregate demand is decreasing, have

so far hardly been addressed, neither in theory nor in empirics. To provide an empirically

substantiated starting and orientation point for both policy and future research, such as

the incorporation of labour market adjustments to population decline in theoretical growth

models, we examine the effects of population decline on the labour market in the very long

run in this paper.

Operationalising our analysis consists of two key components. First, the occurrence of peri-

ods of actual population decline and the availability of labour market data do not necessarily

coincide. As noted above, for most advanced economies population shrinkage appears to be

a phenomenon of the near future. However, if we take a more historical perspective back to

the second half of the 19th century, we are able to more identify several periods of decline

and low population growth, for example right before the fin de siècle, distributed across sev-

eral countries. On the one hand, this suggests to empirically investigate population decline

and its macroeconomic implications in a historical cross-country framework. On the other

hand, economic data availability proves to be sparse in the very long run. To this end, we

compiled a new historical dataset from a large number national and international sources.

We collected information on population, net migration, real GDP, real wages, investment,

employment, unemployment, and labour force participation for nine countries, providing an

annual coverage from 1875 to 2016. Second, the econometric strategy must adequately ad-

dress possible non-linear responses to population decline. To account for this, we specify

a panel smooth transition VAR (PSTVAR). In doing so, we contribute to growing bod-

ies of literature which use, first, cross-country settings (e.g. Aksoy et al. 2019) and, second,

regime-dependent methods (e.g. Auerbach and Gorodnichenko 2012) to analyze (non-linear)

macroeconomic interdependencies. Using the estimation result, we derive regime-dependent

impulse response functions to a one percent population shock. We compare the impulse

responses both between regimes but also to those obtained from a linear model.

Our results suggest that the effects of population changes on the economy and the labour

market are, in fact, regime-dependent. In order to mitigate labour supply shortages, the

labour force participation increases and, as a result, employment faces a remarkably less

distinct decrease in decline periods compared to the increase in growth periods. Our results

do not show an effect on the unemployment rate but indicate that investment is recovering

more strongly in times of decline than expected from linear estimation results. Eventually,

we do not find clear evidence whether wages increase, as a shortage indicator, or decrease,

due to the overall economic downturn coupled with increased labour supply.
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The remainder of the paper is structured as follows. In section 2, we introduce our historical

dataset. Section 3 outlines the econometric strategy, whereas the corresponding results are

presented and discussed in section 4. In section 5, we conduct a series of robustness checks

to ensure that our empirical strategy provides reliable results. The last section concludes.

The appendix contains additional figures, an extensive list of included data sources, and a

detailed explanation of data preparation steps taken to obtain the historical dataset.

2 Data

The exploration of historical economic dynamics across countries is a notoriously difficult

task, particularly when focused on labour market issues. Well-known data collections such

as the International Historical Statistics (Mitchell 2013) or Maddisons Historical Statistics

(Bolt and van Zanden 2020) and their respective predecessors, among others, have settled the

path for comparative historical economic research for decades. In these key sources, however,

the annual availability in the very long run remains limited to selected variables. We have

seen substantial improvements in recent years by compilations such as the Macrohistory

Database (Jordà et al. 2017) or the Long-Term Productivity Database (Bergeaud et al. 2016),

both starting in the second half of the nineteenth century, covering a variety of advanced

economies, and broadening the range of available macroeconomic variables. Nevertheless,

the availability of most annual labour market data, such as unemployment and labour force

participation, remains limited, hampering corresponding analyzes of the labour market in

the very-long run.

Based upon this finding, we compiled a new historical annual labour market dataset as a

result of extensive data acquisition efforts, drawing both on existing macroeconomic and

demographic databases and, particularly, on a vast number of national data collections.

Overall, the compilation combines more than 80 individual sources. The dataset contains

information on population (both total and age groups), net migration, real GDP, real wages,

investment, employment, unemployment, and labour force participation. Our compilation

covers nine countries1 and 141 years (1875-2016). The dataset is balanced and has no gaps.

Population, real GDP, real wages, and employment are prepared as an index allowing us

to cope with a multitude of large-scale boundary changes. Investment is given as share of

GDP, similarly net migration, unemployment, and labour force participation are given as

rates. The latter measures the rate of those active in the labour force among the population

15-64 years. In the section on our econometric strategy below, we outline how these variables

enter the estimations. Sources and data preparation steps can be found in the appendix.

1AUS, DEU, DNK, FRA, GBR, NLD, NOR, SWE, USA
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Figure 2: Overview of the labour market variables in the historical dataset from 1875 to 2016.

Source: See the appendix.
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Name Definition Obs. Mean SD Min Max

POP Population (aged 15-64), growth rate (%) 1278 0.95 0.81 -5.69 4.99
RGDP Real GDP, growth rate (%) 1269 2.72 4.34 -30.96 31.42
INVEST Investment share, percentage 1278 18.45 5.96 2.96 38.89
RWAGES Real wages, growth rate (%) 1269 1.57 4.74 -25.40 41.73
EMP Employment, growth rate (%) 1269 1.01 2.07 -12.52 11.32
UNEMP Unemployment, percentage 1278 4.72 3.46 0.04 26.70
LFPR LF participation (aged 15-64), percentage 1278 70.05 5.71 50.55 84.67

Table 1: Descriptive statistics of the core variables in the historical dataset.

Source: See the appendix.

Figure 2 gives a visual overview of the economic variables in the dataset, illustrates de-

velopments over time, and highlights periods of actual working-age population decline. In

the figure, the index variables working-age population (15-64 years), real GDP, real wages.

and employment are shown as growth rates (log-differenced indices) since they enter our

econometric model as such. Investment share, the unemployment rate, and the labour force

participation rate are shown as percentages; again, since they enter our model as percentages.

Correspondingly, table 1 shows descriptive statistics of the collected variables.

Additional to a general overview of the dataset, figure 2 illustrates the distribution of pop-

ulation decline oberservations across time and across countries. Except for Germany in the

2000s and early 2010s, advanced economies have experienced population decline mostly in

the far past: Either in the interwar period, such as France, or even earlier, at the beginning

of the 20th century, as for example in the case of Norway and Sweden.

3 Econometric Model

As shown above, periods of population shrinkage have occurred comparatively rarely in the

recent past, and, even if one takes a more historical perspective, barely in the same coun-

try. To account for this, we draw on a panel dataset and use the cross-country variation to

identify the differing effects of population growth and decline. In general, we use a panel

VAR (PVAR), and in doing so, we contribute to a growing body of literature making use of

panel VARs in macroeconomics (e.g. Aksoy et al. 2019). Applying a vector autoregressive

structure allows to flexibly analyze macroeconomic interdependencies without a priori im-

posing assumptions on the directions of effects. The growing popularity of panel VARs in

macroeconomics can be traced back to further appealing features: including both dynamic

6



and static interdependencies while simultaneously allowing for cross-sectional heterogeneity

(Canova and Ciccarelli 2013). Drawing on this literature, we can specify our model in its

linear version as

Yit = µi + δt + AYi,t−j + uit (1)

where Yit is the vector of endogenous variables, µi and δt denote country- and time-fixed

effects respectively. Yit comprises six variables: the growth rate of working-age population2,

POPit; the growth rate of real GDP, RGDPit; the growth rate of real wages, RWAGESit;

the share of investment in GDP, INVESTit; the growth rate of employment, EMPit; and the

unemployment rate, UNEMPit. All growth rates are log-differenced indices. The investment

share, the unemployment rate, and the labour force participation enter the equation in

percentages. In the case of nonstationary, the flexible VAR is able to identify the unit root

and treat it appropriately (see Sims et al. 1990).

However, since the focus of the present paper is the analysis of possibly different effects of

population decline compared to population growth, we take one step further and combine

our panel VAR with a non-linear smooth transition approach, thereby following a strand

of the literature that uses common vector autoregressive models and non-linear extensions

to account for regime-wise interdependencies of macroeconomic variables. Thus, our linear

model in (1) is modified as follows

Yit = µi + δt + [1− P (qit)]GYi,t−j + [P (qit)]DYi,t−j + uit (2)

where G and D are matrices holding the regime-dependent coefficients of the endogenous

variables, and P (qit) refers to the probability of experiencing population decline. This prob-

ability is given as

P (qit) =
exp[−γ(qit − c)]

1 + exp[−γ(qit − c)]
(3)

where qit is the transition variable, γ defines the smoothness of the transition, and c is a

location parameter defining the value of qit at which the regime-switch occurs. Similarly,

the error term, uit ∼ N(0,Ωt), is characterized by a regime-dependent variance-covariance

matrix Ω, such that

Ωt = [1− P (qit)]ΩG + [P (qit)]ΩD (4)

Figure 3 illustrates the principle of the smooth-transition regression approach. The transition

2Notably, demographic variables such as population growth are sometimes treated exogenously in panel
VARs (again see as an example Aksoy et al. 2019). We explicitly model population growth endogenously
to investigate the effects of population shocks in the labour market system.
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Figure 3: Stylized STR regression technique depending on a varying smoothing parameter
γ and a location parameter c = 0.

function in (3) governs the weights on the variables in the growth and the decline regime

conditional on the supplied smoothing parameter γ. The larger this value, the faster a change

from the growth to the decline and vice versa occurs. Since population changes are usually

of low frequency, we may expect a low value of γ in this paper.

Following implementation strategies in the literature (e.g. Auerbach and Gorodnichenko

2012 or Gehrke and Hochmuth 2020), our transition variable is a standardized index of the

working-age population growth rate across all countries with zero mean and unit variance.

Using this index, γ is calibrated to match the number of years of population decline in the

sample, which is about 6.2 percent of the observations. Put differently, we define population

as P (qit) > 0.938 = 1 − 0.062 and calibrate γ to match Pr[P (qit)] ≥ 0.938 ≈ 0.062. Since

we are interested in population decline, we set c = 0. This setting yields a value of γ = 2.28.

Figure 4 displays the decline probabilities, i.e. the ’weights’ on the decline regime, in each of

the nine countries. To avoid endogenous feedbacks, we use the lagged values of the transition

function, i.e. P (qi,t−1). Thus, the model becomes

Yit = µi + δt + [1− P (qi,t−1)]GYi,t−j + [P (qi,t−1)]DYi,t−j + uit (5)

Ωt = [1− P (qi,t−1)]ΩG + [P (qi,t−1)]ΩD (6)

We address other specifications with country-specific values of γ and differently dated tran-
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Figure 4: Weights on the decline regime in the baseline model.

sition functions in the robustness section to check for inference stemming from the regime-

design.

Having found an appropriate estimation strategy, we turn to the model specification and

test for the lag length using the Akaike information criterion (AIC). We test for symmet-

ric lag length first. However, since our variable of interest, population growth, is of low

frequency, corresponding economic and labour market effects may occur with substantial

delay. Thus, we also test for specifications in which population growth possibly take more

lags than all other endogenous variables. In fact, the AIC values suggest using five lags of

population growth and one lag of all other endogenous variables, showing that our asymmet-

ric specification is superior compared to all other symmetric panel smooth transition VAR

specifications.

We use a two-way within-transformation and apply OLS estimation equation-by-equation.

As common to empirical approaches using panel data and smooth-transition regression, we

investigate whether our non-linear specification is superior to the linear case. To this end,
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we apply the LMχ linearity test as proposed for panel smooth-transition models by González

et al. (2017) equation-wise. The test results strongly reject the null hypotheses, thus our

non-linear specification captures the dynamics of the system significantly better than the

linear design. This finding also is confirmed by comparing the linear and the non-linear

specification using the AIC.

Ordering the population growth equation first and applying a Cholesky decomposition, we

calculate impulse responses to obtain the impact of a positive (negative) one percent pop-

ulation shock on all endogenous variables in the growth (decline) regime. In doing so, we

assume that the population shock affects all other variables in the same period but, in turn,

shocks in other variables do not contemporaneously affect population growth. In the robust-

ness section, we repeat this estimation but remove migration from the population growth

series in order to account for possible endogeneity issues. In any case, we calculate the re-

spective median impulse responses and derive 68% as well as 90% confidence intervals using

moving-blocks residual resampling with 5,000 draws.

Additionally, in each draw, we obtain the impulse response for the overall labour force par-

ticipation, which we are able to derive since we use information on population, employment,

and unemployment in our model. Thus, the labor force participation rate is included im-

plicitly and can be easily calculated. Put differently, in each draw, we use the IR estimates

of population, employment, and unemployment to analyze the change in the labor force

participation rate, LFPRit. Formally, the impulse response of the labor force participation

rate at time t, IRLFPR,t, is obtained by

IRLFPR,t =

(

(emp+ emp ∗ IREMP,t)

(1− unemp+ unemp ∗ IRUNEMP,t)

)

(pop+ pop ∗ IRPOP,t)
(7)

where unemp is the average unemployment rate across all countries and years in the dataset,

emp and pop may take any value since we are using growth rates in our model, and IRPOP,t,

IREMP,t, and IRUNEMP,t are the impulse responses of population, employment, and unem-

ployment respectively at time t. In the appendix, we demonstrate that the performance

of our IRLFPR,t calculation is robust to estimating the effect of a population shock via ex-

plicit inclusion of the labour force participation rate variable, LFPRit, in our panel VAR.

As figure A.1 illustrates, our strategy is already robust when compared to the labour force

participation rate derived from a simple linear bivariate PVAR.
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4 Results

Below, we report the results of the estimated orthogonal impulse response functions to

populations shock of one percent, as outlined in the preceding section. First, we analyze the

symmetric effects in a linear panel VAR. Subsequently, we investigate the reactions in the

non-linear framework, i.e. possibly non-symmetric effects conditional on the regime.

Symmetric effects to population shocks in the linear case

In figure 5, the symmetric impulse responses of the endogenous variables in the linear panel

VAR are shown. Here, the dotted line indicates the median impulse response of the en-

dogenous variables to a positive population shock of one percent. Vice versa, the solid line

indicates the median impulse response of the variables to a negative population shock of one

percent. By construction, the responses are symmetrical. The gray shaded areas around the

median impulse responses represent the 68% and 90% confidence intervals, respectively.

The plots for population, real GDP, real wages, and employment show the cumulative impulse

responses since the variables entered our model as growth rates; the interpretation is in

percent. The plots for investment, unemployment, and labour force participation show the

reactions in percentage points because they enter the model as such.

Figure 5: Symmetric impulse responses in the linear PVAR.
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The symmetric impulse responses from the linear PVAR suggest that a negative 1% popula-

tion growth shock has permanent negative effects on population as well as on economic and

labour market variables. After the shock, the cumulative effect on the population further ex-

pands to -3.3% in the long term (t10). The median response of real GDP shows a significant

decrease of 2.1% in the contemporaneous period (t1) and 2.9% in the long term, indicating

a permanently lower GDP as a consequence. Contrarily, real wages show more delayed and

less permanent effects, with an insignificant contemporary reaction and a subsequent decline

of 1.5% until t3, being significant on the 68% level, followed by a return to quantitatively

and qualitatively non-relevant differences from zero. Investment shows a substantial and

significant decline at the beginning, -0.6 percentage points, indicating that investment, in

relative terms, declines even more than the overall economy. This decrease turns out to be

permanent, as the median impulse response partially returns back to zero in the long term

but remains significantly lower on both the 68% and 90% level.

Notably, employment faces a statistically significant decrease, not only as a contemporaneous

(-0.6%) reaction but also in the long term (-1.3%). Conversely, the unemployment rate hardly

reacts in response to a population shock. Initially, there is an increase of 0.2 percentage

points, being significant on the 68% level in the contemporaneous as well as the subsequent

period, but showing insignificant effects afterwards and reaching -0.3 percentage points in t10.

Lastly, the labour force participation rate shows a remarkable and statistically significant

surge, with median 0.2 percentage points in the beginning and 1.0 percentage points in the

long term.

Now, turning to the core of the empirical analysis, that is the investigation of labour market

adjustments in times of population decline, we analyze in which way the results outlined

above change when incorporating the non-linear structure of our baseline model. In the

subsequent sections, we first inspect the impulse responses in the decline regime, compare

them to the linear model, and then contrast these findings with the impulse responses in the

growth regime.

Effects of a negative population shock in times of population decline

Thus, focusing on the analysis of regime-dependent effects, figure 6 shows the impulse re-

sponses of the endogenous variables to a negative one percent population growth shock in

the decline regime as resulting from our baseline specification. As before, the solid line rep-

resents the median impulse responses, the shaded areas indicate 68% and 90% confidence

intervals, and the interpretation is in percent respectively percentage points, depending on

the variable under consideration. The solid red line illustrates the median impulse of the

linear model for comparison.
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Notably, there are some substantial differences in economic reactions when allowing for

regime-dependent interdependencies. First, compared to the linear model, the reaction of

population quickly flattens out after two periods and reaching -1.4% in the long term, con-

trarily to the ongoing decline in the linear model. Second, while real GDP has seen a

permanent and significant decline in the linear specification, the impulse response to a neg-

ative population shock now tends to suggest a return back to a less severe cumulative effect

in the long term (median impulse response in t10 is at -2.1%; significant only on the 68%

level). Again, real wages react with a one-period delay and show an effect of -1.7% in t2.

Compared to the linear PVAR, the return to insignificance is even faster. Nevertheless, in

the long term, the quantitative effect is greater in the non-linear case, showing a cumulative

effect on real wages of -0.9%. The impulse response of the investment share shows similar

reactions as above but, again, the return to insignificance turns out to be faster, returning

to a higher share in the long term compared to the results of the linear model.

Importantly, the impulse response of employment differs from the previous findings. While

the contemporaneous reaction is comparable (-0.6%), the employment level now increases

again, reaching a median impulse response of -0.3% in the long term, being statistically

insignificant on both the 68% and the 90% level. As before, the unemployment rate shows

minor reactions (0.2 percentage points), statistically significant only on the 68% level in

Figure 6: Impulse responses in the decline regime of the non-linear PSTVAR.
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the contemporaneous case. The labour force participation shows an initial increase (0.2

percentage points), growing to 0.6 percentage points in the long term. Now, as the reaction

of population has flattened out more quickly, the labour force participation rate after t3 is

only driven by dynamics in employment and unemployment.

Non-symmetrical effects in times of population growth and decline

In figure 7, the impulse responses in the decline regime as analyzed above are compared to

those in the growth regime. However, as intended to uncover by our estimation strategy

and demonstrated in the plots, the effects of population shocks do not unfold in a strictly

symmetrical manner across regimes. In both cases, the negative (positive) population shock

causes an immediate decline (growth) of GDP, employment, and investment as well as an in-

crease (decrease) of overall labour force participation and the unemployment rate. However,

our results indicate that a negative population shock has quantitatively and qualitatively

more distinct effects.

The impulse response of the real GDP is more pronounced in the decline regime compared to

the upswing in the growth regime (1.3% in the contemporaneous period, 1.1% in t10), with

the latter being insignificant both on the 68% and 90% level in the long run. In accordance

with the economic downturn, employment faces a significant reduction even years after a

negative population shock. However, in the long term, it shows a return close to its pre-

shock level. These effects are not fully mirrored in the employment impulse response of the

growth regime. Here, only the contemporaneous effect is significant on the 90% level, with

0.6% in the median. Additionally, employment sees a permanent, though not significant,

increase of 0.8% in the long run – a more distinct impact compared to times of population

decline.

The fact that employment largely returns to its previous level may be well explained with

increased labour force participation. Put differently, as a reaction to worker shortages,

the participation rate surges. Interestingly, in the growth regime, the participation rate

decreases more strongly (-0.2 percentage points contemporaneously; -0.9 percentage points

in t10; statistically significant). This may be explained by the population dynamics following

the respective shocks as population continues to increase after a positive population shock

and the corresponding economic upswing, but quickly flattens out after a negative shock.

Furthermore, the results suggest that the reduction of unemployment has played a subordi-

nated role in the recovery of employment. The contemporaneous effect on the unemployment

rate is symmetric across regimes but only the long term increase in the growth regime is

significant (0.2 percentage points; 68% level). The non-significant and quantitatively small

effect on the unemployment rate in the decline regime from year one after the shock onwards
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is striking. It might be the result of opposing and thus offsetting effects, that is a increase

due to the economic downturn and a decrease due to labour force shortage. However, even

tough unemployment does not decrease in relative terms, in does so in absolute.

In times of decline, the reduction in investment is contemporaneously more distinct but less

permanent in the long run: In the growth regime, the median impulse response reaches a

value of 0.4% percentage points in t10, representing a significant permanent increase com-

pared to a quantitatively smaller and statistically insignificant long-term effect in the decline

regime. These results may indicate that firms initially react to labour force shortage by re-

ducing investments but largely return to (relative) pre-shock levels after overall participation,

and thus employment, has picked up again.

Following a positive population shock, the economic upswing causes real wages to grow both

longer, up to three years after the shock, and to a greater extent, peaking at 2.6% in t4,

while in the decline regime, the decrease of real wages reverses already two years after shock.

Nevertheless, in the long run, the decline (growth) regime impulse responses remain below

(above) the respective pre-shock level in a largely symmetrical order. The finding that, in

response to a negative shock, wages do not grow but fall opposes economic intuition. Rather,

as a shortage indicator, wages would be expected to increase in times of labour force decline.

Figure 7: Impulse responses in the growth and the decline regime of the non-linear
PSTVAR.
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However, this effect could have been offset by increased labour force participation as well as

adverse effects caused by the economic downturn.

Overall, the visually small but statistically pronounced differences between the impulse re-

sponses in both regimes as well as the contrasts to the linear case are crucial and justify an

interpretation of regime-dependent adjustments. In other words, both quantity and qual-

ity of the contemporaneous reactions as well as the dynamics following the initial down-

turn respectively upswing unveil that from the short to the medium and long term the

labour market reacts differently to population shocks, that is adjustment processes are in

fact regime-dependent.

5 Robustness

We check the robustness of our estimates using a series of alternative specifications. In

particular, we analyze to what extent changes in the identification strategy as well as in the

regime-setting may alter the results found in the previous section.

Migration-adjusted population data

First, as its well-known and widely discussed, demographic variables such as population

growth are usually prone to endogeneity. In order to avoid such issues, we remove the pos-

sibly endogenous part, migration, from the population growth data beforehand. Figure 8

illustrates the effect of removing positive (green areas) and negative (red areas) net migra-

tion from the population growth data (solid line) across countries. Historically, emigration-

intensive countries such as the UK, Norway, or Sweden faced long periods of negative net

migration. This pattern has reversed in recent decades. Vice versa, Australia and the United

States have seen continued immigration from the late 19th century until today. By removing

the migration effects, we yield an exogenous working-age population growth series being de-

pendent on fertility processes in the far past and, conversely, being independent of short-term

economic and labour market effects.

Now, as a robustness check, we use the migration-adjusted population growth data (dotted

line; figure 8) instead of the original population growth data. Using different population

growth data implies changes in the regime-specification as well. Figure A.2 illustrates the

weights on the decline regime using the migration-adjusted data. As before, we derive the

impulse responses to a migration-adjusted population shock (figure A.3).

The results largely confirm our findings in the baseline model. Real GDP, investment, and

employment face an initial decline but return closely or fully to the pre-shock level in the long

term. As in the baseline model, the labour force participation sees a permanent increase.
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Figure 8: Population growth adjusted for migration.

Source: See the appendix.

Slightly different results can be observed for real wages for which the median impulse response

also declines in the year after the shock and increases subsequently, however, compared to

the estimation results above, the median impulse response nearly recovers to its pre-shock

level.

Regime-specification: transition variable timing and individual smoothing pa-

rameter

Second, we evaluate the consequences of a differently timed transition variable. In our

baseline specification, we use the decline probability at t− 1. This procedure follows exam-

ples from the literature such as the well-known application in Auerbach and Gorodnichenko

(2012). However, as we are including more than one lag of population growth in our estima-

tion, this gives rise to the question of whether t− j would be a more appropriate timing for
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the transition variable. Put differently, our baseline specification assumes that the effects

of lagged population growth, as of all other lagged endogenous variables, in each equation

is only based on the ’current’ demographic regime. Conversely, using t − j to weight the

regressors suggests that the impact is dependent on the demographic regime at lag j. Thus,

we re-estimate our baseline model using this different setup. Formally, we can re-write the

model as

Yit = µi + δt + [1− P (qi,t−j)]GYi,t−j + [P (qi,t−j)]DYi,t−j + uit (8)

The weights on the respective regimes remain the same as shown in figure 4, and so do all

other specifications from the baseline case. Again, the results show that our model is robust

to this alternative strategy (figure A.4). As in the baseline estimation, real GDP, investment,

and employment face a decline with a subsequent recovery. Again, employment shows a

much smaller long-term decline in response to a negative shock than growth in response to a

positive shock. This confirms our finding that the labour market is, in particular, adjusting

to population decline by increased labour force participation. In this case, however, the

investment share is, in the long run, significantly lower on the 68% level. Notably, in contrast

to our baseline results, the median impulse response of real wages strongly increase in the

long term, suggesting that real wages are reacting as shortage indicator. However, the result

is only statistically significant in the medium but not in the long term.

Third, not only the transition variable but also the parameters governing the transition

function as a whole may intervene in the results stemming from our empirical strategy.

While the location parameter c = 0 is fixed by design due to our research question focused on

population decline, the speed of the transition indicated by γ is more flexible. In our baseline

specification, we have found γ across all countries and time periods. However, a different

approach might draw on a country-specific values of γ. Such an approach may account for

quite different demographic developments and patterns among the sample countries in the

past. Thus, as another robustness check, we use the same specification as in the baseline

version but find γ individually for each country. In doing so, we exclude the United States

from our sample since there is no observation of working-age population decline in the period

under investigation.

In re-defining the transition function for country-specific z-standardized indices, γ, being

equal to 2.28 in the baseline specification, now spans from 1.58 in the Netherlands to 2.50

in Denmark. With these varying smoothing parameters, also the weights on the decline

and growth regimes change. Figure A.5 illustrates the resulting probabilities. Applying the

changed regime-specification, keeping the remaining baseline strategy as it is, and deriv-

ing impulse response functions demonstrates that our the main findings are robust to this
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alternative specification as well (see figure A.6), that is the effects on employment, unem-

ployment, and labour force participation as well as real GDP and investment are confirmed.

However, as in the preceding robustness check, the median impulse response of real wages

increases in the long run, indicating that wages grow both in response to a positive as well

as to a negative shock.

As mentioned before, to account for the reduced sample size and to obtain adequate interpre-

tation, we do not only compare the results of this robustness check to those of the baseline

specification as it is but also to the baseline specification re-estimated without the United

States. This delivers further insights whether changes in the robustness check emerge due to

the exclusion of the United States. As can be seen, the impulse responses are very similar

to those obtained from the baseline model (see figures A.7 for slightly changed decline prob-

abilities and A.8 for the estimation results). Thus, the changed results in figure A.6 stem

from the changed probabilities as shown by figure A.5.

Overall, the robustness checks confirm our results derived in the initial estimation. In partic-

ular, the most distinct regime-dependent adjustment pattern – the labour force participation

increases in times of population decline in order to maintain the employment level – is sup-

ported by the results in this section. Similarly, the finding that the unemployment rate

hardly reacts in response to population shocks is underpinned by the robustness checks as

well. As noted, this non-reaction may be explained by offsetting effects – economic decline

(increase) and outflow into employment due to shortage (decrease). In any case, the con-

sistent findings on employment, unemployment, and labour force participation show that

the latter is driving the recovery of the overall employment level in response to a negative

population shock. Similarly, the finding that the investment share nearly or fully recovers

after employment has picked up again can be confirmed by the estimation results above as

well.

Contrarily to our baseline model, however, all three robustness check show only a minimal

decline or even an increase of wages in the long run. Given these apparent differences to the

initial results as well as between the individual robustness checks, our empirical assessment

does not allow to conclude whether wages increase, as a shortage indicator, or decrease, due

the economic downturn, possibly coupled with increased labour supply as a consequence of

increased participation, in times of population decline.

6 Conclusion

According to recent population projections, most advanced economies will face population

decline in the years and decades to come, providing the demographic context in these coun-

19



tries in the long term. Notably, this decline is expected to be particularly pronounced among

those in working-age. Although a decreasing population may have profound economic impli-

cations, above all in the labour market, there is still little theoretical and empirical evidence

on this issue. We contribute to this sparse body of literature by focusing on the latter. We

compiled a new historical dataset using more than 80 different sources, containing informa-

tion on demographics (population, net migration) and labour market variables (real GDP,

investment, real wages, employment, unemployment, labour force participation). Drawing

on this extensive dataset, we estimate a panel smooth-transition VAR (PSTVAR) to account

for possible non-linear effects of population changes on the economy and the labour market

depending on the demographic regime. We derive regime-dependent impulse response func-

tions to trace the effects of positive (negative) population shocks in the labour market in

times of population growth (decline).

Our findings suggest that effects of population shocks on the economy and the labour market

are regime-dependent, that is reactions to population changes in times of decline differ from

those in times of growth. More precisely, our results indicate that, initially, a negative

population shock causes an economic downturn and, vice versa, a positive population shock

causes an upswing. But, however, these effects are quantitatively and qualitatively more

distinct in the decline compared to the growth regime, and tend to differ in the long run.

Most notably, regime-dependent adjustment processes take place in overall employment and

labour force participation. More precisely, in order to cope with labour supply shortages

and maintain the employment level, the labour force participation increases. Thus, the

negative effects on employment are less severe in times of population decline compared to

the increase of employment in periods of growth. Contrarily, we neither find evidence of a

decline in the unemployment rate as a response of the labour supply shortage nor for an

increase as response to the economic downturn. However, we find slightly asymmetric effects

on investment, that is the share in overall GDP declines less strongly in the aftermath of

a negative population shock than it increases following a positive population shock. Put

differently, based on our non-linear framework, investments recover more strongly in the

aftermath of a negative population shock than suggested by linear model results, likely after

employment figures have picked up again. Eventually, we do not find clear evidence on effects

on wages. More specifically, our results point towards offsetting effects, that is wages increase

as a shortage indicator and decrease due the economic downturn, possibly also coupled with

increased labour supply as a consequence of increased participation.

Overall, our findings provide the starting point for different future research avenues. Im-

provements might encompass a more precise identification strategy, such as instrumental

variable shock identification. However, such attempts are, inter alia, confronted with prob-
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lems of data availability, as historical macroeconomic data is sparse in general and that

of suitable instruments for population growth in particular. Moreover, results derived by

empirical studies assessing the effects of population decline and corresponding adjustment

processes as conducted in this paper might contribute to future incorporation into macroe-

conomic growth models.
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Appendix A Additional figures

Figure A.1: Comparison of (a) the labour force participation rate as indirectly derived
from the linear PVAR to (b) the labour force participation rate derived in a simple

bivariate PVAR.
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Figure A.2: Weights on the decline regime in the migration-adjusted model (point
estimation).
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Figure A.3: Regime-dependent impulse response functions to a one-percent population
shock in the migration-adjusted model.
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Figure A.4: Regime-dependent impulse response functions to a one-percent population
shock in the timing-adjusted model.

27



Figure A.5: Weights on the decline regime in the model with adjusted, i.e.
country-specific, smoothing parameter γ (point estimation; USA excluded).
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Figure A.6: Regime-dependent impulse response functions to a one-percent population
shock in the model with adjusted, i.e. country-specific, smoothing parameter γ (USA

excluded)
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Figure A.7: Weights on the decline regime in the baseline model (point estimation; USA
excluded).
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Figure A.8: Regime-depdendent impulse response functions to a one-percent population
shock in the baseline model (USA excluded).
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Appendix B Dataset

This section gives a detailed description of the variables and the respective data sources.

Population (total and age groups), index

Total population and population in the respective age group as of 1st January. Population

refers to civilian and military wherever possible. If population data was available on another

date (e.g. mid-year), we followed the Human Mortality Database (HMD hereafter) method-

ology and estimated the population as of 1st January by linear interpolation. Boundary

changes were accounted for by chain-linking the indices. See footnotes 4 and 5 in appendix

B.

Australia 1860 – 1861: used relative changes from Bolt and van Zanden (2020) to backwards

extend the subsequent source; 1862 – 1921: annual figures estimated, see appendix B; 1921

– 2016: taken from HMD (2020a)

Denmark 1860 – 2016: HMD (2020a)

France 1860 – 1911: HMD (2020a), total national population (civilian and military); 1911

– 1921: annual figures estimated, see appendix B; 1921 – 2016: HMD (2020a), total national

population (civilian and military)

Germany 1860 – 1871: used relative changes from Bolt and van Zanden (2020) to backwards

extend the subsequent source; 1872 – 1910: original source is Lösch (1936), data largely taken

from the Gesis database, some adjustments (error correction) using the original source; 1911

– 1949: annual figures estimated, see appendix B; 1950 – 1955: Sensch (2007); 1956 – 2016:

HMD (2020a); up to 1990 data for West Germany, overall Germany subsequently

Netherlands 1860 – 2016: HMD (2020a)

Norway 1860 – 2016: HMD (2020a)

Sweden 1860 – 2016: HMD (2020a)

United Kingdom 1860 – 1922: data for Great Britain from HMD (2020a), additionally es-

timated Southern and Northern Ireland figures, see appendix B; 1922 – 2016: HMD (2020a),

refers to United Kingdom without Southern Ireland from here onwards

United States 1860 – 1900: annual figures estimated, see appendix B; 1901 – 1979: U.S.

Bureau of the Census (2000); 1979 – 2016: HMD (2020a)

Net migration, rate

Net migration as a rate in the respective year.

Australia 1860 – 2015: ABS (2019), linear interpolation of emigration figures for 1914 to

1919 to account for departures of military personnel; 2016: ABS (2021)

32



Denmark 1860 – 1944: Flora et al. (1987), linear interpolation of missing data in 1921;

1945 – 1963: DEMIG (2015); 1964: Flora et al. (1987); 1965 – 1979: DEMIG (2015); 1980

– 2016: Statistics Denmark (2021)

France 1860 – 1945: Flora et al. (1987), linear interpolation of missing data for 1861, 1871,

1914-1918, 1940-1945; 1946 – 1961: INSEE (2020); 1962: Mitchell (2013); 1963 – 2016:

INSEE (2020)

Germany 1860 – 1938: Flora et al. (1987), linear interpolation of missing data for 1919

and 1935-1936; 1939 – 1949: linear extrapolation of missing data 1939-1943 based on change

of 1937-1938; subsequently, using the obtained value for 1943, linear interpolation to obtain

missing data for 1944-1946; this adjustment mirrors the large scale inflow of migrants from

1944 onwards; 1947 – 1949: Flora et al. (1987); 1950 – 1969: difference of inflows and outflows

from DEMIG (2015); 1970 – 2016: StBA (2019), table 1.1

Netherlands 1860 – 1863: Flora et al. (1987); 1864: linear interpolation; 1865 – 1928:

Mitchell (2013); 1929 – 1994: DEMIG (2015); 1995 – 2016: CBS (2019)

Norway 1860 – 1957: Flora et al. (1987); 1958 – 2016: SSB (2021)

Sweden 1860 – 1874: Flora et al. (1987); 1875 – 2016: SCB (2021)

United Kingdom 1860 – 2016: Bank of England (2017)

United States 1860 – 1867: used constant 1868 value; 1868 – 1949: first, we used emigration

numbers among departures of foreigners presented in Axelrod (1972), page 41 for 1908 to

1925; we chain-linked the 1908 figures with the time series on departures among foreigners as

also presented in Axelrod (1972), page 39 for 1899-1908; similarly, we linked chain-linked the

emigrant data from 1925 until 1950 with foreigner departures as presented in U.S. Bureau of

the Census (1975), page 119, series 301; in both cases, we assume that the share of emigrants

among total departures of foreigners remains the same as in 1908 respectively 1925; 1950 –

2016: UN (2019)

Real GDP, index

Real GDP in PPP per capita as included in the Maddison database (Bolt and van Zanden

2020). Obviously, the underlying population here differs from that used in the demography

variables above. In general, the RGDP per capita data was taken from Maddison due

to its internal consistency, which enables using growth rates without caring about breaks

due to boundary changes. Based upon the Maddison data, we construct a total real GDP

series using the population indices above. However, compared to the Maddison data, we

replace data in 1938-1948 in Belgium, Denmark, France, Netherlands, and Norway from

Klemann and Kudryashow (2012) to account for common underestimation in GDP statistics

during German occupation. For Germany, to achieve a consistent underlying territory across
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variables and account more realistically for economic consequences at the end as well as in

the aftermath of the Second World War, we use Maddison data up to 1945, GDP data by

Ritschl and Spoerer (1997) for 1946-1950 (excluding Saarland and Western Berlin), GDP

data by Deutsche Bundesbank (2020) for 1950-1991, and again Maddison for 1991-2016. We

chain linked the data in 1945 with the index by Barro and Ursúa (2010).

Investment, share of GDP

Basic source is the Macrohistory database (Jordà et al. 2017). Replaced data and filled

missing years using the following additional sources

Australia 1947 – 1948: filled missing ratio in Jordà et al. (2017) with sum of investment

figures and gross domestic product, both in current prices, from Butlin (1977), page 79;

preceding and subsequent values in Jordà et al. (2017) are consistent with this source

Denmark 1914 – 1922: filled missing values by total gross investment in current prices and

gross domestic product in current prices from Abildgren (2017), series S006A and S046A

France 1919: filled missing data in Jordà et al. (2017) by using investment (series IE,

IM, IZG) and GDP (series PIBVAL) data from Villa (1993), following the methodology of

van Meerten (2003); 1920: corrected entry using original source (van Meerten 2003); 1924:

apparently, the data in the MHD does not refer to van Meerten 2003; however, to avoid the

break between the series used in the MHD, we chain-link the real investment index obtained

as outlined above by using the 1924 value from van Meerten (2003); 1945: filled missing data

in Jordà et al. (2017) by using investment (series IE, IM, IZG) and GDP (series PIBVAL)

data from Villa (1993), following the methodology of van Meerten (2003); due to missing IG

data, we assumed the same share of IG in investment as in 1939

Germany 1913 – 1920: indexed real total investment (construction/‘Bauinvestitionen’ and

equipment/‘Ausrüstungsinvestitionen’; equipment contains only selected categories) from

Kirner (1968) to fill missing years; refers to the territory of FRG including Saarland and

Western Berlin; since the availability of data on equipment investment increases over time

(more categories are included), we weight the figures in each year with the shares of the

respective sector in 1930, which is the first year in which all sector of relevant size are listed

by Kirner (1968); 1920 – 1959: indexed real total gross non-residential investment from

Maddison (1994), table 8b, to fill missing years; calculated as per capita values using the

population sources as indicated above; relies on Kirner (1968)

Netherlands 1914 – 1920: indexed real total investment from Groote et al. (1996) to the

fill the missing years; 1940 – 1947: same as for the previous period

Norway 1940 – 1945: investment share from Grytten (2004); retrieved as updated series

from Norges Bank (2018), table p1 c6 table 6
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United States 1929 – 1945: investment share calculated as non-residential investment less

defencse expenitures as given by BEA (2020)

Real wages, index

Builds strongly on Williamson (1995) and his well-known compilation of indexed real wages

for urban unskilled workers until the second half of the 20th century. For countries and

years not included in Williamson (1995), the data sources and definitions are stated in detail

below.

Australia 1875 – 1984: Williamson (1995); 1985 – 2016: hourly earnings in manufacturing,

taken as nominal wages from OECD (2019) and deflated using CPI data from OECD (2020)

Denmark 1875 – 1913: Williamson (1995); 1913 – 1917: calculated using average hourly

earnings in manufacturing, nominal from Abildgren (2017), series S172A, and deflated using

CPI data from Jordà et al. (2017); 1917 – 1988: Williamson (1995); 1988 – 2016: hourly

earnings in manufacturing, taken as nominal wages from OECD (2019) and deflated using

CPI data from OECD (2020)

France 1875 – 1988: Williamson (1995); 1988 – 2016: hourly earnings in manufacturing,

taken as nominal wages from OECD (2019) and deflated using CPI data from OECD (2020)

Germany 1875 – 1918: Williamson (1995); 1918 – 1924: real weekly wages, original source

is Pierenkemper (1984), data taken from Sensch (2012); 1924 – 1943: Williamson (1995);

1944 – 1948: used annual growth rates of gross earnings after social security payments

to calculate real wages, original source is Schewe and Nordhorn (1967), data taken from

Müller and Skiba (2008); 1948 – 1988: Williamson (1995); 1988 – 2016: hourly earnings

in manufacturing, taken as nominal wages from OECD (2019) and deflated using CPI data

from OECD (2020)

Netherlands 1875 – 1988: Williamson (1995); 1988 – 2016: hourly earnings in manufactur-

ing, taken as nominal wages from OECD (2019) and deflated using CPI data from OECD

(2020)

Norway 1875 – 1941: Williamson (1995); 1941 – 1944: annual real wages in manufacturing,

taken as nominal wages from Grytten (2007), table 6.A.1, page 370, and deflated using CPI

data from Jordà et al. (2017); 1945 – 1988: Williamson (1995); 1988 – 2016: hourly earnings

in manufacturing, taken as nominal wages from OECD (2019) and deflated using CPI data

from OECD (2020)

Sweden 1875 – 1988: Williamson (1995); 1988 – 2016: hourly earnings in manufacturing,

taken as nominal wages from OECD (2019) and deflated using CPI data from OECD (2020)

United Kingdom 1875 – 1988: Williamson (1995); earlier data refers to Great Britain;

1988 – 2016: hourly earnings in manufacturing, taken as nominal wages from OECD (2019)
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and deflated using CPI data from OECD (2020)

United States 1875 – 1988: Williamson (1995); 1988 – 2016: hourly earnings in manufac-

turing, taken as nominal wages from OECD (2019) and deflated using CPI data from OECD

(2020)

Employment (total), index

Since not all sources offer coverage up to 2016, consistent employment data from Penn World

Table (Feenstra et al. 2015) from 1950 onwards except otherwise stated.

Australia 1875 – 1950: total employment from Whiters et al. (1985), pages 203-205, column

C; 1950 – 2016: Feenstra et al. (2015)

Denmark 1875 – 1900: total employment obtained by using labour force from Abildgren

(2017), series S062A, and unemployment rate as outlined below; 1900 – 1950: total employ-

ment from Abildgren (2017), series S079A; 1950 – 2016: Feenstra et al. (2015)

France 1875 – 1890: we took the decadal figures by Clark (1957), page 125, and linearly

interpolated; 1890 – 1950: total employment from Villa (1993), series EMP, online source;

unclear whether annual average; for 1914-1918 and 1940-1945, series EMPE, which contains

total firm employment, has been used instead of linear interpolation to account for movement

in employment to during war years; 1950 – 2016: Feenstra et al. (2015)

Germany 1875 – 1880: total employment, original source is Hoffmann (1965), data obtained

from Ralf (2015), series x0457, online source; 1880 – 1939: total employment, original source

is Hoffmann (1965), data (with filled gaps) obtained from Sommariva and Tullio (1987),

pages 234-236; 1939 – 1944: total employment from Hohls (1991), data retrieved from Hohls

and Kaelbe (1989); 1944 – 1950: total employment, original source is Hoffmann (1965), data

(with filled gaps) obtained from Sommariva and Tullio (1987), pages 234-236; to account

for the structural break 1945/1946, we assumed that the total employment developed just

like the population aged 15 to 64 years; 1950 – 1991: total employment from Deutsche

Bundesbank (2020); 1991 – 2016: Feenstra et al. (2015)

Netherlands 1875 – 1950: total employment from CBS (2014), series 71882eng; 1950 –

2016: Feenstra et al. (2015)

Norway 1875 – 1900: we obtain total employment as the residual figures from labour force

and unemployment rate as outlined below; 1900 – 1950: total employment from SSB (2020);

1950 – 2016: Feenstra et al. (2015)

Sweden 1875 – 1950: total employment from Schön and Krantz (2012); 1950 – 2016: Feen-

stra et al. (2015)

United Kingdom 1875 – 1950: total employment from Bank of England (2017); break-

adjusted series of original values referring to United Kingdom including the later Republic
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of Ireland (percentual change in the years prior to 1920 identical for both U.K. with and

without Republic of Ireland; used series for both countries since unemployment refers to the

same); 1950 – 2016: Feenstra et al. (2015)

United States 1875 – 1899: total employment from Vernon (1994), page 710; 1900 –

1947: total employment from U.S. Bureau of the Census (1975), calculated by subtracting

unemployed persons from total labour force, series D1-10, columns 1 and 8, page 126; 1947

– 1950: total employment from U.S. Bureau of the Census (1975), calculated by subtracting

unemployed persons from total labour force, series D11-25, columns 12 and 18, page 127;

1950 – 2016: Feenstra et al. (2015)

Unemployment, rate

Although desirable, only few sources of employment figures above also offered information on

unemployment. Wherever possible, the sources refer to unemployment among total labour

force. However, particularly earlier sources often contain trade union figures. Whenever

applicable and appropriate, we follow methodologies of well-known sources to ensure the

highest degree of consistency of historical unemployment data within countries. Details are

given in every case below. More recent and consistent data is taken from OECD (2016), in

some cases also OECD (2005).

Australia 1875 – 1963: unemployment rate from Whiters et al. (1985), pages 203-205,

column A; 1964 – 2016: OECD (2016)

Denmark 1875 – 1899: unemployment rate from Abildgren (2005); we used the relative

change to extend the subsequent series; 1900 – 1959: unemployment rate from Abildgren

(2017), S041A; 1960 – 1968: OECD (2005); 1969 – 2016: OECD (2016)

France 1875 – 1894: we took the decadal figures by Clark (1957), page 125, and linearly

interpolated; 1894 – 1950 unemployment rate, calculated using unemployment numbers and

total employment from Villa (1993); 1950 – 1960: unemployment rate, original source is

OECD Labour Force Statistics, data taken from Maddison (1982), page 207; 1960 – 2016:

OECD (2016)

Germany 1875 – 1886: we linearly interpolate the labour force between 1882 and 1895 by

Stockmann et al. (1982) and extrapolate backwards to 1875 by using the annual growth rate

of the same period; then, we obtain unemployment figures by subtracting the employment as

outlined above; 1887 – 1913: unemployment rate, original sources are Kuczynski (1962) and

Kuczynski (1967), modified by Pierenkemper (1987) and tabulated by Hohls (1991), data

taken from Sensch (2016); for 1887-1902, the data refers to Kuczynskis estimations of unem-

ployment among industry workers; for 1903-1913, the data refers to unemployment in trade

unions; 1913 – 1921: unemployment rate by Mitchell (2013), data refers to unemployment
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in trade unions; 1922 – 1940: unemployment rate by Petzina et al. (1978), data refers to un-

employment rate among dependent employees, data taken from Sensch (2016); 1941 – 1945:

for this period, there is no information on unemployment rates available; the unemployment

rate by Petzina et al. (1978) shows a value of 0.2 for 1940; we follow the analysis of Kosche

and Bach (1991), who suggets, that the labour shortage intensified after 1940, additionally

to large numbers of forced labour and recruited foreign workers, and assume that there was

negligible unemployment during these times; therefore, we set the unemployment rate to 0

throughout this period; 1946 – 1950: unemployment rate from Galenson and Zellner (1957),

pages 455-456; figures are based upon employment exchange statistics; the figure for 1948

only refers to U.S. and U.K. occupation zone (according to Mitchell 2013); from 1949 on-

wards, the figures refer to West-Germany; we took the relative changes in this original series

and backward extended the subsequent series; 1950 – 1990: unemployment rate from BA

(2020); 1991 – 2016: unemployment rate from BA (2020)

Netherlands 1875 – 1960: unemployment rate from CBS (2014), series 71882eng; 1960 –

2016: OECD (2016)

Norway 1875 – 1887: we prepare the unemployment rate as follows: first, we obtain labour

force figures from Central Bureau of Statistics of Norway (1966), page 29, for 1870, 1875,

1880, 1885 and from the same source, page 39, for 1871, 1877, 1887 by multiplying total

GDP with GDP per person of labour force; we linearly interpolated the remaining missing

years; then, we calculate the ratio of public seeking relief from Central Bureau of Statistics of

Norway (1966), page 578, to the total labour force; we use the relative changes of this ratio

to backward extend the subsequent series; 1887 – 1900: we obtain the unemployment rate

as follows: first, we obtain labour force figures from Central Bureau of Statistics of Norway

(1966), page 29, for 1890, 1895, 1900, and for 1887, 1899 from the same source, page 39,

by multiplying total GDP with GDP per person of labour force; we linearly interpolated

missing years; then we calculated the share of people receiving public assistance for the first

time among all people receiving public assistance from the same source, page 578; we use the

relative changes of this ratio to backward extend the unemployment rate from the subsequent

series; 1900 – 1903: we use employment figures as outlined above and the same procedure

to backward extend the subsequent unemployment rate series as for the period 1887-1900;

1903: estimated by multiplying 1904 unemployment rate as below using the 1903-to-1904-

ratio of seven-months-average of union unemployment from NOS (1949), page 363; 1904 –

1920: unemployment rate by Grytten (1994), page 325; 1920 – 1939: unemployment rate by

Grytten (2008); 1940 – 1949: unemployment rate, calculated as: (1) using absolute numbers

of unemployed persons (official unemployment statistics as listed in SSB (1945), pages 231

and 277, value for 1940 refers to average of October to December) for 1935 – 1943, and
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SSB (1950) for 1944 – 1949, page 117); (2) total employment figures as indicated above; (3)

calculating unemployment rate from (1) and (2); (4) extrapolating the relation of the rate

calculated in (3) and Grytten (1994) series from 1935 – 1939, and multiplying the results

with (3); 1950 – 1960: unemployment rate, original source is OECD Labour Force Statistics,

data taken from Maddison (1982), page 207; 1960 – 2016: OECD (2016)

Sweden 1875 – 1911: unemployment rate from Clark (1957); 1911 – 1920: backward extend-

ing the unemployment rate in 1920 from Grytten (2008) by using index number of jobseekers

per 100 vacancies at the public labour exchanges from Molinder (2018) and Bengtsson and

Molinder (2017); 1920 – 1938: unemployment rate by Grytten (2008); 1939 – 1960: unem-

ployment rate as given by unemployment insurance from Molinder (2018) and Bengtsson and

Molinder (2017); we took the relative changes in this original series and backward extended

the subsequent series; 1960 – 2016: unemployment rate from OECD (2016)

United Kingdom 1875 – 1970: unemployment rate from Bank of England (2017), per cent

of total workforce in the United Kingdom, including the Republic of Ireland; 1971 – 2016:

OECD (2016)

United States 1875 – 1898: unemployment rate from Vernon (1994), page 710; 1899 – 1928:

unemployment rate from Romer (1986), page 31; used the relative changes of this source to

backward extend the subsequent series; 1929 – 1943: unemployment rate from Darby (1976),

page 8; 1943 – 1960: unemployment from the U.S. Bureau of the Census (1975); 1960 – 2016:

unemployment rate from OECD (2016)

Labour force participation among population aged 15-64 years, rate

The labour force participation rate consists of three major building blocks. First, we use all

available information concerning the labour force participation rate as given by the OECD

(2021), except for the Netherlands; here, due to a break in the data we use OECD data only

from 1987 onwards. In the OECD source, the starting year of coverage varies by country.

From 1950 to whatever the starting year is, we use the labour force 5-year-interval estimates

of ILO (1977), which are divided by age groups. We linearly interpolate the labour force

shares of those younger than 15 as well 65 and above. Before 1950, we assume the shares of

1950 to be constant. We apply these shares to our total labour force to obtain the labour force

aged 15-64. Then, we calculate the labour force participation rate 15-64 using population

index as above.
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Appendix C State Space Model for Age Groups

Population growth data is of central importance in our application. In general, the coverage

can be described as good. Due to historical databases such as Bolt and van Zanden (2020)

total population data is available over the whole time period under investigation. Contrarily,

more detailed age-group data, needed to obtain the development of working-age population,

does not exist for every observation, although extensive collections such as HMD (2020a)

provide great coverage. More precisely, five countries show missing or contradictory (due

to e.g. boundary changes) data on annual population by age groups: Australia 1875-1920,

France 1911-1921, Germany 1911-1949, the United Kingdom 1901-1921, and the United

States 1875-1899. To address this issue and obtain data for these age-groups, we use state-

space models of the standard form in the Durbin and Koopman (2012) notation:

yt = αt + εt, εt ∼ N
(

0, σ2
ε

)

(9)

αt+1 = αt + ηt, ηt ∼ N
(

0, σ2
η

)

(10)

We use information from available annual data on total population as well as information on

age groups before, after, and, if available, within (census years) the respective period. There

are two aspects to consider in this setting: First, the territorial coverage of the historical

data used may vary considerably. Second, the data often refers to different dates (days)

during the respective year. We account for territorial changes by estimating a state-space

model for each ‘territorial period’ separately. This is only the case for Germany. To address

different dates, we explicitly model the component DEVI, which is the difference between

the annual total population and the summarized age groups in the respective year. Hence,

we assume that the total population can be fully explained by summarized age groups, the

only difference between both is the day of documentation, captured by DEVI, and there are

no other idiosyncratic error components.

For a more intuitive understanding, the model can be written in matrix notation. Our

observation and state equations can be written as:

Yn = Zα + ε, ε ∼ N (0, H) (11)

α = T (α∗

1 +Rη), ε ∼ N (0, Q) (12)

where Yn is a (g + 2) × 1 observation vector comprising the total population, g age groups

and the deviation component; α and α∗

1 are (g+1)×1 (initial) state vectors comprising g age

groups as well as the DEVI component; ε is a (g+2)× 1 vector of errors; H is a zero matrix

since ε is excluded from the model as described above. The variance-covariance-matrix Q is
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taken from the initial available observations. The observation and transition matrices Z and

T enter the models as follows:

Z =



















1 1 · · · 1

1 0 0

0 1 0
...

. . .

0 0 1



















, T =













1 0 · · · 0

0 1 0
...

. . .

0 0 1













The model is estimated by maximum likelihood using a Kalman smoother. The inclusion of

a variety of data sources and additional data preparation steps were necessary:

Australia, 1875 – 1920 The data on total population was taken from the Maddison

database (Bolt and van Zanden 2020), age group data for the census years 1871, 1881 and

1891 were taken from ABS (2019), for 1901, 1911, and 1921 from Mitchell (2013). Before

1901, the Federation of Australia did not exist. Therefore, we aggregate the data of the

separate colonies in 1871, 1881 and 1891. For Queensland, only aggregated age group data

for 60-69 years and 70-79 years exist. We assume the age structure to be the same is in the

remaining colonies and derive more fine-grained 5-years-age-groups.

France, 1911 – 1921 In general, the Human Mortality Database offers information for this

period. However, due to the upheavals of the First World War, the population data in the

HMD does not cover all regions of France and, consequently, the development of the total

population after 1918 differs significantly from other data sources. To achieve consistency,

we re-estimate the period from 1911 to 1921 using population data by age groups at census

dates 1911 and 1921 from Mitchell (2013) and total population from Bolt and van Zanden

(2020).

Germany, 1911 – 1949 In the period under investigation, Germany underwent several

major territorial changes. In order avoid distortions caused by different territorial coverages

in different data sources, we estimate the model for Germany for three separate periods.

Period 1, 1911 – 1918: The data on total population was taken from the Maddison

database, age group data for the census years 1910 and 1919 were taken from

Franzmann (2015). Since the 1919 total population and census data refer to a

different territory than the population structure in the previous years, we weight

those data according to the 1910 census proportion of the areas no longer covered

in 1919 (StRA 1925).
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Period 2, 1920 – 1945: The data on total population was taken from the Maddison

database, age group data for the census years 1919, 1925, 1933, and 1946 were

taken from Franzmann (2015), for 1939 from Mitchell (2013). Since the census

in 1925 and 1933 excluded the ‘Saargebiet’, we weight the age group data of

Franzmann (2015) accordingly.

Period 3, 1947 – 1949: The data on total population was taken from Sensch

(2004), original data source is Rinne (1996). Age group data for the census

year 1946 were taken from Franzmann, for 1950 from Mitchell (2013). Since the

1946 data refers to whole of Germany, we subtract, using 1946 census data from

Mitchell, the age group data for East Germany and Berlin, the latter proportion-

ally to the occupation zones (AVBZ 1950).

United Kingdom, 1855 – 1921 To achieve consistency with other UK statistics prior to

1922, the population data for Ireland is calculated and added to the population for Great

Britain supplied by the HMD (2020a). To achieve this, we use total population for Ireland

(Southern and Northern) for 1870-1926 from Bank of England (2017) and population data

by age groups for the census dates 1851 and 1861 from HMSO (1863), for 1871 and 1881

from HMSO (1882), for 1891 and 1901 from HMSO (1902), for 1911 from HMSO (1913),

and for 1926 from Mitchell (2013).

United States, 1851-1899 The data on total population and the data by age groups for

the census years 1850, 1860, 1870, 1880, and 1890 was taken from U.S. Bureau of the Census

(1975), the data by age groups for 1900 was taken from U.S. Bureau of the Census (2000).

Since parts of data for 1850 and 1860 is available for aggregated age groups, we assume that

these aggregates split up according to the shares of age groups in Canadian census in 1851

and 1861 (shares taken from Mitchell 2013).

Finally, we interpolate the obtained population data by age groups to January 1st wherever

possible following the methodology3 of the HMD (2020b) to achieve consistent population

figures for further usage, e.g. in case of labor force participation. The persistence of census

dates or other available population by age group sources within a country varies considerably.

In Germany, nearly each census in the estimated time period was taken on another day in

3As explained in the HMD methods protocol, the population of January 1st can be linearly interpolated
using the simple formula (in the case of estimates by 1st October, non-leap year):

P (x, 01.01.Y Y Y Y ) =
273

365
P (x, 01.01.Y Y Y Y − 1) +

92

365
P (x, 01.01.Y Y Y Y )
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the year. If there is only slight variation in the census dates (single days), we choose a

reasonable date in between. The dates from which we interpolated our estimates are as

follows: Australia: 1st April; France: 5th March; Germany: 1st December in periods 1 and

2 (the estimated figures of both periods were chain-linked using the 1919-1920 growth rate

of period 2 before interpolation), due to highly heterogenous data in terms of survey dates

and territory covered, we do not interpolate our estimates for period 3 but assume that our

model approximates the respective population change; UK/Ireland 3rd April; USA: 1st July

for 1875-1890 and 1st June for 1890-1900.
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