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Abstract
Natural population growth is an intrinsic property of demographic systems that 
depends on (spatially) non-stationary processes of fertility and mortality. Assum-
ing distinctive demographic dynamics as a characteristic attribute of urban, subur-
ban and rural systems, analysis of spatial variability in natural population growth 
delineates nonlinear stages of metropolitan expansion, possibly reflecting divergent 
responses to socioeconomic stimuli. The present study investigates endogenous 
population growth (1956–2019) and the relationship with demographic density 
as basic attributes of individual stages of the city life cycle in Athens (Greece), a 
mono-centric metropolitan region in Southern Europe. A spatially explicit analy-
sis of natural balance rates at local scale identified two stages of growth, namely 
compact urbanization (mid-1950s to late 1970s)—with agglomeration strengthening 
the polarization in demographically dynamic and shrinking districts—and spatially 
decentralized suburbanization (early 1980s to late 2010s)—with a less defined role 
of agglomeration economies and more heterogeneous demographic processes. How-
ever, the impact of population density on endogenous growth was stronger in recent 
decades, suggesting how demographic dynamics may still respond to agglomeration 
stimuli, at least during recessions. At the same time, the spatial structure of natural 
balance rates became more mixed, likely reflecting the importance of heterogeneous 
demographic behaviors at the individual level.
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1 Introduction

Designing frameworks that investigate the long-term evolution of metropolitan 
systems is a challenging issue in both urban science and regional demography 
(Berry, 1976; Bocquier & Bree, 2018; Capello et  al., 2015; Scott & Storper, 
2015). Although cities have envisaged as open systems, their evolutionary trajec-
tories reveal peculiarities that often reflect a self-organized, decentralized devel-
opment (Carbonaro et al., 2018; Di Feliciantonio et al., 2018; Martinez-Fernan-
dez et  al., 2012). Nonlinear interactions among composing elements—intended 
as a basic characteristic of self-organized metropolitan systems—imply the sharp 
influence of economic shocks amplifying internal fluctuations (and external per-
turbations) in urban populations (Salvati & Serra, 2016). Such alterations impact 
a given system’s trajectory causing persistence (or increased volatility) of the 
related socioeconomic context at both regional and local scale (Benassi & Sal-
vati, 2020; Buzar et al., 2007; Hoekveld, 2015).

Analysis of metropolitan systems was grounded on evaluation of their intrinsic 
dynamics and the emergence of latent, critical properties (Kabisch & Haase, 2011). 
Selection of properties at the base of long-term evolution of urban regions is a key 
aspect of ‘complex system’ thinking (Salvati et  al., 2016). While properties are 
sometimes identified with specific attributes of local communities (Van Nimwe-
gen, 2013), a particular attention should be deserved to processes regulating size 
and distribution of population and settlements (Coleman, 2008; Lutz et  al., 2006; 
Vobetkà & Piguet, 2012). These are reflective of patterns that depend on both speed 
and intensity of their spatial interactions at different geographical scales (Serra 
et al., 2014). In these regards, interpretation and prediction of metropolitan cycles 
are relevant to both stakeholders, policymakers, and practitioners (Arbaci & Tapada-
Berteli, 2012; Champion, 2001; Hank, 2001). Distinctive, local-scale develop-
ment paths make identification of cycle’s stages a particularly challenging task that 
requires a nonlinear exploratory understanding of complex demographic dynamics 
(Rontos et al., 2016; Salvati et al., 2013; Zambon et al., 2017).

Complexification of urban trends worldwide confirms the importance of novel 
approaches to analysis of demographic transformations in metropolitan regions 
(Domingo & Gil-Alonso, 2007). In a context of social fragmentation and eco-
nomic uncertainty (Dura-Guimera, 2003; Panori et al., 2019; Vaughan & Arbaci, 
2011), such dynamics involve adaptive agents and communities with a consoli-
dated ability to growth and change (Dijkstra et  al., 2015; Liu, 2005; Martinez-
Fernandez et  al., 2012). Being criticized for rigid assumptions—mainly on the 
existence of linear and sequential expansion waves (Morelli et al., 2014)—predic-
tions of the ‘spatial cycle theory’ identify basic patterns and processes of growth 
(i.e., the urbanization–suburbanization–counterurbanization–reurbanization 
sequence), and provide a partial (and sometimes, biased) interpretation of metro-
politan transformations, and the associated demographic dynamics (e.g., Cuberes, 
2011; Di Feliciantonio & Salvati, 2015; Lerch, 2013, 2019).

On the contrary, system thinking provides a coherent representation of eco-
nomic and territorial dynamics, emphasizing the emergence and consolidation of 
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new urban structures, socioeconomic functions, and the aggregate demographic 
response to metropolitan change (Boyle, 2003; Buzar et  al., 2007; Carbonaro 
et al., 2018; Salvati et al., 2016). Assuming spatial heterogeneity in demographic 
processes as a basic property of adaptive metropolitan systems, a spatially explicit 
analysis of population dynamics based on appropriate statistical indicators may 
provide a refined interpretation of complex mechanisms of urban growth (Bayona 
& Gil-Alonso, 2012). Flexible, exploratory approaches were proposed to deline-
ate growth waves (e.g., Salvati & Serra, 2016), bringing an original contribution 
to urban science, regional demography, applied economics, and spatial planning 
(Coleman, 2006; Lee & Reher, 2011; Rubiera Morollòn et al., 2016).

Complex relationships between form and functions require a careful analysis of 
metropolitan growth, assuming that the progressive delocalization of population, 
settlements, and activities—a dominant trend in advanced economies—has fueled 
social change and local development (Berry, 1976). Cities underwent intense demo-
graphic changes as a result of fertility decline, mortality at older ages, and reduction 
in international immigration with crisis (Couch et al., 2007). While accelerated pop-
ulation dynamics were observed in central districts of some metropolises responding 
to re-urbanization impulses, other cities were intrinsically bounded in a sort of ‘late 
suburbanization,’ experiencing fringe expansion and shrinkage of inner districts and 
rural areas (Salvati and De Rosa, 2014). By increasing social disparities, economic 
downturns have affected demographic dynamics and contributed to different stages 
of the metropolitan cycle in a distinctive manner (Garcia-Lopez, 2010). Higher sub-
urban fertility and differential mortality rates between central and peripheral loca-
tions explain the intrinsic variation of endogenous population growth in metropoli-
tan regions (e.g., Gavalas et al., 2014).

Fringe settlements were considered dynamic contexts because of particularly 
high fertility and low mortality (Kulu & Boyle, 2009). However, despite a wealth 
of macro/micro-information on the contribution of economic conditions on long-
term population dynamics, empirical analyses document the validity of this assump-
tion only partly and exclusively for recent decades (e.g., Hatz, 2009; Helbich, 2012; 
Nijkamp & Kourtit, 2013). In this perspective, analyses of economic processes at 
the base of endogenous population dynamics contribute to holistic understanding 
of metropolitan growth and informed design of developmental policies toward resil-
ient urbanization processes (Carlucci et al., 2018). Research on the intimate nexus 
of local development with population dynamics and economic agglomeration may 
orient urban strategies and spatial planning toward environmental sustainability and 
social equity (Chelleri et  al., 2015; Chorianopoulos et  al., 2010; Domingo & Gil-
Alonso, 2007).

The present study investigates endogenous population dynamics as a latent prop-
erty of a given metropolitan system, integrating knowledge and methodologies of 
urban science with a spatially explicit approach typical of regional demography 
(Balbo et al., 2013; Billari & Kohler, 2004; Bocquier & Bree, 2018). More specif-
ically, our study delineates the intrinsic linkage between urban cycles and spatial 
heterogeneity in a representative demographic indicator, illustrating how the inher-
ent shift in the spatial regime of natural population balance rates may contribute 
to a refined identification of distinctive stages of a given cycle (Champion, 2001). 
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By shedding further light on long-term mechanisms of urban expansion, these find-
ings suggest the appropriateness of an explicit analysis of agglomeration and the 
role of social contexts (e.g., Salvati et al., 2019), achieving a comparative overview 
of long-term development paths under volatile social conditions and heterogeneous 
economic downturns (Coleman, 2008; Kabisch et al., 2012; Kurek et al., 2015).

Sequential and irregular phases of expansion and decline have characterized cit-
ies at the ‘European periphery’ for a long time (Carlucci et al., 2017). For instance, 
processes of urbanization without industrialization qualified Mediterranean cities as 
representative examples of a class of metropolises under a sort of ‘persistent crisis,’ 
whose boundaries encompass economic, social, demographic, and territorial condi-
tions (Delladetsima, 2006; De Muro et al., 2011; Salvati and De Rosa, 2014). While 
Southern European cities have experienced an intense transformation of socio-
demographic structures (Benassi & Salvati, 2020), a complete expansion cycle—
with population dynamics intrinsically correlated with urban agglomeration—was 
rarely investigated in this region (Morelli et al., 2014).

In such a perspective, the individual contribution of vital dynamics and migra-
tion to urban population growth requires additional conceptualization in the 
Mediterranean region (Balbo et al., 2013; Gavalas et al., 2014; Kabisch & Haase, 
2011; Lesthaeghe, 2010). While migration balance was taken as the main engine 
of urban growth in advanced economies—especially when the local effects of the 
first demographic transition slowed down—this component was increasingly vola-
tile in Mediterranean cities (Cuadrado Ciuraneta et  al., 2017; Panori et  al., 2019; 
Perez, 2010; Rontos et al., 2016). Using data that cover a relatively long time period 
(1985–2015), a recent study by Menashe-Oren and Bocquier (2021) demonstrated 
how urbanization is no longer driven by migration in low- and middle-income coun-
tries. Focusing on different data and approaches, Benassi and Salvati (2020) reached 
the same conclusion for some European countries.

Taking specific motivation from such empirical findings, our study assumes natu-
ral balance as a spatially robust attribute of local communities, both urban and rural 
(Kroll & Kabisch, 2012), since it reflects the intrinsic population age structure—
a basic characteristic of local systems (Kabisch et al., 2012; Kulu & Boyle, 2009; 
Lerch, 2013). Moreover, natural balance contributed to total population growth more 
intensively during crisis times, because of the inherent decline of migration flows 
(Bayona & Gil-Alonso, 2012; Vobetka & Piguet, 2012), reflecting—at least indi-
rectly—the impact of sequential economic downturns (Hatz, 2009; Helbich, 2012). 
Finally—considering together the impact of temporary fertility recovery (or decline) 
and progressive aging—natural balance responds less rapidly than migration bal-
ance to external shocks (Billari & Kohler, 2004; Kurek et al., 2015; Liu, 2005), and 
for such reason may represent—better than other indicators—a reliable proxy of 
long-term demographic patterns and processes (Menashe-Oren & Bocquier, 2021). 
Endogenous population growth slowed down (more or less rapidly) in the last years 
following a generalized population aging in advanced economies (Van Nimwegen, 
2013). COVID-19 pandemic has accelerated such dynamics, both impacting mortal-
ity rates (positively) and fertility rates (negatively).

Based on these premises, how recent population dynamics influence, and pos-
sibly redesign, metropolitan systems, require an extensive investigation. The present 
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work investigates long-term endogenous population dynamics in Athens (Greece) 
with the final aim at identifying distinctive ‘demographic’ stages of long-term met-
ropolitan growth. The study covers a time interval between 1956 and 2019 using 
official statistics and administrative analysis’ units. Athens has been regarded as a 
paradigmatic example of social stratification, economic fragmentation, and deregu-
lated planning intimately associated with a complex interplay of demographic forces 
(Cecchini et al., 2019; Chorianopoulos et al., 2010; De Rosa and Salvati, 2016; Gos-
podini, 2009; Salvati et  al., 2013). Considering together the impact of economic 
downturns, social dynamics, demographic transitions, and territorial transforma-
tions, results of a specific analysis of population density and natural balance were 
generalized to broader contexts as a novel contribution to population science and 
urban theory.

2  Methodology

2.1  Study area

The study area covers the largest part of the administrative region of Attica in Cen-
tral Greece, and coincides with the Urban Atlas Athens’ metropolitan region (https:// 
land. coper nicus. eu/ local/ urban- atlas/ urban- atlas- 2018). Seven regional units (Cen-
tral, Western, Northern and Southern Athens, Piraeus, Western and Eastern Attica) 
and 115 municipalities administer a surface land extending 3025  km2 with 3.7 mil-
lion resident inhabitants (Fig. 1). Most of the population (3.1. million inhabitants) 
settled in 56 municipalities of the Greater Athens’ area (430   km2). As a typical 
industrial city up to the late 1940s, Athens has experienced a shift toward advanced 
services and tourism, keeping a strong economic base grounded on construction, 
commerce, and public administration (Di Feliciantonio et  al., 2018). Metropoli-
tan growth has been particularly intense since the 1950s, and the highest popula-
tion concentration was recorded in the 1970s (> 15,000 inhabitants/km2). Dispersed 

Fig. 1  A map illustrating the administrative structure of the Athens’ metropolitan region (left) and the 
position of the study area in Greece (right)

https://land.copernicus.eu/local/urban-atlas/urban-atlas-2018
https://land.copernicus.eu/local/urban-atlas/urban-atlas-2018
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and discontinuous settlements expanded along the sea coastline since the late 1970s 
(Fig. 2).

Athens’ population increased substantially between 1951 and 2020 from 1.5 to 
3.7 million inhabitants (Chorianopoulos et al., 2014). A young demographic struc-
ture characterized post-war Athens, leading to positive natural balances until the 
great recession (2010). In the last decade, natural balance rates decreased to values 
below 1, with total deaths stably overpassing total births. Natural balance felt to 0.72 
in 2020, the lowest value ever recorded in the area, and is estimated at 0.69 in 2021, 
because of the inherent decline of fertility and rising mortality as a consequence 
of COVID-19 pandemic (Fig. 3). Migrations have fueled demographic dynamics in 
Attica until the early 1970s (Rontos et al., 2016); migration balance was positive but 
declining progressively in the following decade (Gounaridis et al., 2018), and recov-
ering only moderately in the 1990s and the 2000s (Salvati, 2016). With recession, 
migration balance turned out to be negative (Panori et al., 2019).

2.2  Indicators

Long-term population dynamics in Athens and the intrinsic relationship with 
agglomeration processes were investigated using vital statistics (births and deaths) 
collected and disseminated by ELSTAT (National Statistical Authority of Greece, 
Piraeus) by year and municipality. Municipalities represent an easily interpretable 
analysis’ scale that allows estimation of the impact of multiple socioeconomic con-
ditions on the intrinsic mechanisms governing metropolitan growth (Gil-Alonso 
et  al., 2016; Rontos et  al., 2016; Salvati et  al., 2019). Based on these figures, we 
calculated the natural population growth rate at 8 years over the study period (1956, 
1960, 1970, 1980, 1990, 2000, 2009, and 2019). This time schedule allowed a com-
parative analysis of population dynamics under different socio-demographic con-
texts, i.e., covering the transition from high to low fertility—and from high to low 
mortality (Lerch, 2019; Lesthaeghe, 2010; Liu, 2005). At the same time, the enough 
long time interval investigated here makes possible the estimation of (direct and/or 
indirect) impacts of economic expansions and recessions (Lee & Reher, 2011).

Natural balance was calculated as the crude rate of births-to-deaths, reflecting 
changes over time in the number of births over 100 deaths (Menashe-Oren & Boc-
quier, 2021). Taken as the local outcome of natural population growth, this index 
assumes values above one when births exceed deaths (net (natural) population 
growth) and below-one values when deaths exceed births (net (natural) population 
shrinkage). Natural balances were aggregated within concentric rings at increasing 
distances from downtown Athens (< 10 km, 10–20 km, 20–30 km, > 30 km). These 
partitions provided an overview of long-term population dynamics in urban, subur-
ban, and rural districts (Morelli et al., 2014). Assuming Athens as a purely mono-
centric model (Salvati & Serra, 2016), population density derived from diachronic 
census data (1951, 1961, 1971, 1981, 1991, 2001, and 2011) was considered rep-
resentative of agglomeration processes at the municipal scale (Salvati et al., 2013).
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2.3  Data analysis

We adopted a multi-step analysis considering together descriptive statistics, map-
ping, nonparametric correlations, hierarchical clustering, and regression models 
(both parametric and nonparametric, under both spatially implicit and spatially 
explicit logic). These statistical techniques identify characteristic trends of natural 
population growth in the study area, elaborating on data structures intrinsically com-
plex over time and space (Salvati & Serra, 2016). Integration of different analyti-
cal tools contributes to a better identification of (apparent and latent) relationships 
between population dynamics and agglomeration processes (Di Feliciantonio & Sal-
vati, 2015), profiling individual stages of a complete city life cycle (Ciommi et al., 
2019).

2.3.1  Descriptive statistics

The statistical distribution of natural balance (crude rates) across municipalities was 
preliminary analyzed computing nine metrics of central tendency (arithmetic mean), 
dispersion (coefficient of variation, normalized range, percentile range), and form 
(median-to-mean ratio, harmonic-to-arithmetic mean ratio, geometric-to-arithmetic 
mean ratio, kurtosis, asymmetry). Changes over time in central tendency, disper-
sion, and form metrics were reflective of the inherent shift in the spatial regime of 
endogenous population growth at the base of distinct stages of metropolitan growth 
(Benassi & Salvati, 2020). Choropleth maps have been realized to illustrate the spa-
tial distribution of natural balance by year and municipality. Average natural bal-
ance rates were finally tabulated aggregating municipalities within one of five geo-
graphical belts at increasing distances (km) from downtown Athens (Morelli et al., 
2014): (i) the central municipality of Athens, (ii) municipalities < 10 km far away 
from Athens (including Piraeus and the largest part of the Greater Athens’ centers), 
(iii) municipalities at a distance between 10 and 20 km from Athens (including most 
of Athens’ suburbs), (iv) municipalities at a distance between 20 and 30 km from 
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Fig. 3  Natural population balance in the Athens’ region, 2013–2021* (*provisional estimate)
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Athens (including rural, dynamics areas in Messoghia and Thriasio districts), and 
(v) municipalities > 30 km far away from Athens (including rural, peripheral loca-
tions in Attica).

2.3.2  Correlation analysis

To identify similarities or abrupt changes in endogenous population dynamics over 
time, the statistical distribution of natural balance (crude rates) across municipalities 
was compared at two consecutive time points (e.g., 1956 vs. 1960, 1960 vs. 1970,…, 
2009 vs. 2019) testing for both linear and nonlinear associations. Bravais-Pearson 
linear coefficients, nonparametric Spearman rank coefficients, and Kendall co-grad-
uation coefficients, were run on the whole sample of 115 municipalities testing for 
significant correlations at p < 0.05 after application of the Bonferroni’s correction 
for multiple comparisons (Salvati et al., 2019). Similar values of Pearson, Spearman, 
and Kendall coefficients indicate a linear association between variables (Ciommi 
et al., 2019).

2.3.3  Hierarchical clustering

To explore aggregate demographic trends over a sufficiently long time interval in 
Athens, hierarchical clustering based on Euclidean distances’ amalgamation meas-
ure and Ward’s agglomeration rule was run on a data matrix including descriptive 
statistics illustrated above (nine columns) by years (eight rows). Hierarchical clus-
tering is a multivariate technique producing dendrograms that allow investigation 
of complex data matrices under the assumption that both cases and variables will 
simultaneously contribute to the uncovering of meaningful latent patterns (Di Feli-
ciantonio et al., 2018). To identify temporal breakpoints and spatial discontinuities 
in long-term demographic dynamics, hierarchical clustering was run separately on 
a data matrix including natural balance (crude rates) at 8 years (columns) and 115 
municipalities (rows).

2.3.4  A spatially explicit analysis of natural balance

This study makes extensive use of spatially explicit approaches with the aim at 
assessing changes over time in the spatial structure of natural balance rates that may 
reflect distinctive stages of the Athens’ expansion (Rontos et  al., 2016). A global 
Moran’s index of spatial autocorrelation (z-score) was calculated for natural bal-
ance rates at three bandwidths (5, 20, and 40 km), testing for spatial dependence at 
p < 0.01. Changes over time in Moran’s coefficients at different bandwidths estimate 
intensity and extent of spatial interactions between the elementary analysis’ domains 
over the study area (Salvati et al., 2019). Significant z-scores indicate a spatial pat-
tern toward clustering at a given bandwidth, and non-significant scores indicate 
spatial heterogeneity in natural balance rates (Salvati & Serra, 2016). A diachronic 
analysis of dynamic and shrinking clusters was run calculating local Moran’s coef-
ficients of spatial autocorrelation (z-scores) for each municipality of the study area 
(Morelli et al., 2014). Scores were calculated separately for each time interval and 
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illustrated using choropleth maps (Serra et al., 2014). Based on the local Moran’s 
coefficient, municipalities were classified as (i) hotspots of endogenous population 
growth (labelled as ‘HH’) or decline (‘LL’) when z-score > 2, or (ii) locations with 
heterogeneous local dynamics delineating a steep gradient of growth-to-decline 
(‘HL’) or decline-to-growth (‘LH’) when z-score < -2.

2.3.5  Testing the role of density gradients in endogenous population dynamics

The relationship between natural balance and population density was investigated 
using a U-shaped, polynomial model that assumes a highly positive natural balance 
at intermediate distances from the inner city (suburban locations) and a less intense 
(positive or even negative) natural balance at both lower (urban locations) and 
higher (rural locations) distances (e.g., Lutz et al., 2006). Taking Athens as a mono-
centric region (Morelli et  al., 2014), this hypothesis is in line with the prediction 
of the ‘suburban fertility hypothesis’ (Kulu, 2013). For each decade, model’s good-
ness-of-fit was estimated considering the adjusted global  R2, the Akaike Information 
Criterion (AIC) and a Fisher–Snedecor F statistic testing for significance at p < 0.01 
against the null hypothesis of a non-significant model. The highest (estimated) value 
of population density (Max(d)), and the highest (estimated) value of natural balance 
(Max(n)) were also reported.

The outcomes of the polynomial model were compared with results of a non-
parametric spline regression carried out separately by year using the same depend-
ent variable (natural balance) and predictor (population density) at the municipal 
scale. These data were fitted to a smoothing spline, a sequence of third-order poly-
nomials continuous up to the second derivative. Multiple data points at the same 
X value were collapsed to a single point by weighted averaging and calculation of 
a combined standard deviation using a “LOWESS” (LOcally WEighted Scatterplot 
Smoothing) algorithm (Cleveland, 1981). Given a number of points n and a smooth-
ing parameter q, the algorithm fits the nq points around each point to a straight line, 
with a weighting function decreasing with distance. The new smoothed point is the 
value of the fitted linear function at the original x position. Based on these results, 
(i) window width, (ii) the highest (estimated) value of population density (Max(d)), 
and (iii) the highest (estimated) value of natural balance (Max(n)) were reported.

2.3.6  Identifying a local relationship between natural balance and population 
density

Local-scale variability in the relationship between natural balance and population 
density was investigated with the use of Geographically Weighted Regressions 
(GWR) producing global and local models (Benassi & Salvati, 2020). To iden-
tify significant predictors of the spatial variability in natural balance rates, a GWR 
model was specified where natural balance is the dependent variable at location s 
(a given municipality), and municipal population density (inhabitants/km2) as the 
predictor. To investigate the distinctive contribution of multiple stages of the City 
Life Cycle, GWRs were run separately for each time interval, and provide a dynamic 
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distribution of estimated parameters (adjusted  R2 and slope coefficients) at both 
global (study area) and local (municipal) scale (Carlucci et al., 2018). Maps illus-
trating the local-scale impact of population density and the goodness of fit (adjusted 
 R2) of each model summarized the spatial outcomes of regression analysis (Salvati 
et al., 2019).

3  Results

3.1  Changes over time in the spatial distribution of natural population balance

Descriptive statistics were used to illustrate long-term population trends character-
istic of the Athens’ metropolitan region (Table 1). Natural balance decreased from 
3.0 (1956) to 0.8 (2019), with the only exception of 2009. The ratio of median-to-
mean crude rates of natural balance decreased between 1956 (0.94) and 1980 (0.85), 
reflecting the increased polarization in demographically dynamic and stagnant dis-
tricts. The maximum value of the coefficient of variation in natural balance rates 
across municipalities observed in 1980 confirmed the intrinsic consolidation of this 
demographic divide. The percentile (75th–25th) range followed the same trend over 
time. In recent decades, this index displayed a more balanced and symmetric statisti-
cal distribution that reflects demographically stagnant communities. Kurtosis, asym-
metry, and normalized range indicated 1990 and 2019 as the years with an irregular 
distribution of natural balance rates. The largest asymmetry across municipalities 
was associated with a particularly low fertility, observed in Greece at the beginning 
of the 1990s and at the end of the 2010s.

A hierarchical clustering was run with the aim at identifying similarities over 
time in the descriptive statistics reported above (Fig. 4, left). Results of the analysis 
were illustrated in a dendrogram clustering together arithmetic average and the nor-
malized range of natural balance rates. A second cluster included dispersion meas-
ures (coefficient of variation, percentile range) and distributional metrics (median-
to-mean, the ratios of geometric mean (or harmonic mean) to arithmetic mean, and 
asymmetry). Kurtosis was classified as an outlier. A separate dendrogram evidenced 

Table 1  Descriptive statistics of natural balance rates by year in the study area

Variable 1956 1960 1970 1980 1990 1999 2009 2019

Average 2.99 2.85 2.47 2.23 1.50 1.32 1.60 0.82
Median/mean 0.94 0.95 0.88 0.85 0.90 0.93 0.92 0.93
Coeff. variation 0.44 0.42 0.44 0.46 0.49 0.44 0.45 0.45
Range 2.05 2.14 2.39 2.65 3.40 2.61 2.59 3.45
Perc-range 0.62 0.54 0.61 0.62 0.50 0.60 0.61 0.47
Kurtosis 0.28 1.04 1.48 2.45 7.30 2.28 2.91 8.52
Asymmetry 0.90 1.02 1.13 1.33 2.13 1.04 1.35 1.95
Harmonic/mean 0.84 0.84 0.84 0.82 0.81 0.78 0.81 0.80
Geometric/mean 0.91 0.92 0.92 0.91 0.91 0.90 0.91 0.91
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how the spatial distribution of natural balance rates was comparable between 1956 
and 1980 and between 1990 and 2019 (Fig. 4, right). Hierarchical clustering identi-
fied two different spatial regimes in natural balance rates, respectively, associated 
with high fertility and low mortality (1956–1980), and low fertility and high mortal-
ity (1990–2019).

Despite a continuous fertility decline and huge increase in mortality, the evolu-
tion of natural balance over time was differentiated at the regional scale (Fig.  5). 
Downtown Athens’ natural balance maintained above 1 up to the early 1990s and 
decreased in the subsequent decades. Rural municipalities (> 30  km from central 
Athens) experienced a continuous decline from 2 to 1. The most intense decreases 
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were observed in peri-urban spaces: natural balance reduced from 3.5 (1956) to 0.9 
(2019) in the Greater Athens’ area. A temporary fertility recovery in 2009 was not 
enough intense to push natural balance above 1.5. Fringe municipalities (10–20 km 
far from Athens) had a dynamic population (three births out of one death in 1956) 
recovering after the 1990s decline (two births out of one death in 2009). A particu-
larly intense decline, however, was observed in 2019. Municipalities at intermediate 
distances from Athens (20–30 km) had a less dynamic population, with diverging 
natural balance trends in regard to both strictly urban and more rural contexts.

Maps of natural balance (Fig. 6) indicate that complex spatial patterns were more 
evident in correspondence with urban concentration (1980) and fertility recovery 
(2009). The most rapid change in the spatial distribution of natural balance rates 
was observed in 1980. These findings are in line with results of a pair-wise cor-
relation analysis of natural balance rates across municipalities at two consecutive 
time points. The highest correlation (i.e., reflecting the same spatial regime) was 
observed for 1970 and 1980 (Table 2); parametric and nonparametric correlations 
provided similar results. The degree of correlation decreased in the subsequent 
period, reaching the minimum value for 2009 and 2019. More heterogeneous natural 
balance rates over space were associated with low fertility levels.

3.2  A spatially explicit analysis of natural population balance

A global Moran autocorrelation index run at three bandwidths (5 km, 20 km, and 
40 km) was run to investigate the spatial structure of natural balance rates, assumed 
to reflect demographic dynamics at different spatial scales (from local to regional). 
Results indicate a significant dependence regime in the spatial distribution of natu-
ral balance rates (Table 3). Moran’s coefficients were always statistically significant, 
and a more intense spatial dependence was recorded at the intermediate bandwidth 
(20 km). However, spatial autocorrelation rates decreased quite rapidly over time, 
with the exception of 2009. The most intense spatial dependency was recorded 
for 1960 and 2009; the less intense spatial structure was observed for 2019. The 
degree of spatial autocorrelation was directly correlated with natural population 
growth rates. Higher growth rates were intrinsically associated with clustered spatial 
structures.

Local Moran indexes of spatial autocorrelation (Fig. 7) delineate the spatial struc-
ture of natural population balance in Athens. High–High hotspots indicate demo-
graphically dynamic and homogeneous socioeconomic conditions in fringe districts 
West of Athens. An intense polarization in high–high (peri-urban) and low–low 
(rural) clusters was observed between 1956 and 1980. Since 1990, only rural and 
peripheral municipalities West of Athens were classified as low–low hotspots. In 
2009, sparse municipalities (both rural and urban) were classified as low–low hot-
spots, confirming the intrinsic dynamism of fringe districts. Despite a strong decline 
in fertility and increased mortality rates, the 2019 spatial structure of natural balance 
rates was similar to those observed in earlier years.
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3.3  Spatial variability of natural population balance along density gradients

The relationship between population density and natural balance was tested at the 
municipal scale separately for each of the 8  years under investigation using three 
models (square polynomial, LOWESS spline, and Geographically Weighted Regres-
sion). Results of polynomial fits and LOWESS splines are given in Table  4. A 
comparative analysis of models’ goodness-of-fit is shown in Fig.  8. These mod-
els produced comparable results for years 1956, 1960, 1970, and 1980, delineat-
ing a relatively weak role of density in endogenous population growth. Adjusted 
 R2 ranged between 0.15 and 0.25 for all models and decreased between 1990 and 
2019, with the exception of Geographically Weighted Regressions (global  R2 coef-
ficients between 0.3 and 0.4 in 2009 and 2019). Depending on the observation year, 
the highest rates of natural population balance were estimated in correspondence 
with densities between 900 and 2500 inhabitants/km2. The corresponding estimate 
of population balance decreased from 3.5 (1956) to 0.9 (2019). A similar trend 
was observed for LOWESS spline estimators. The highest rate of natural popula-
tion balance was estimated at a density of 3500 inhabitants/km2 (1970). Natural bal-
ance was the highest in demographically dynamic contexts at intermediate densities 
(fringe districts and suburban municipalities). The highest natural balance rates were 
observed at higher densities at the end of compact urbanization (1980), and at lower 
densities at the end of suburbanization (2019).

Table 2  Coefficients quantifying 
the pair-wise correlation of 
natural balance rates at two 
consecutive time intervals (all 
values are significant at p < 0.05 
after Bonferroni’s correction for 
multiple comparisons)

Time interval Pearson Spearman Kendall

1956–1960 0.81 0.78 0.64
1960–1970 0.87 0.83 0.66
1970–1980 0.88 0.86 0.71
1980–1990 0.83 0.76 0.58
1990–1999 0.80 0.72 0.55
1999–2009 0.75 0.79 0.60
2009–2019 0.65 0.66 0.48

Table 3  Global Moran’s index 
of spatial autocorrelation in 
natural balance rates at the 
municipal scale by year

Year Bandwidth (km)

5 20 40

1956 4.26 9.12 7.52
1960 6.56 10.55 9.55
1970 5.75 8.96 8.14
1980 5.05 8.59 7.68
1990 4.12 5.46 5.09
1999 4.04 6.06 5.84
2009 6.06 9.25 8.55
2019 2.54 4.38 3.72
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In line with findings of hierarchical clustering (Fig. 4) and spatially implicit regres-
sions (Fig. 8), GWR results (local  R2 and slope coefficients) confirm the existence of 
two spatial regimes characteristic of the relationship between population density and 
natural balance. Local  R2 coefficients decreased from rural areas to urban contexts 
(Fig. 9). Local regression coefficients were positive and significant in both rural and 
peri-urban municipalities. These findings document the higher rates of natural balance 
at medium–high densities between 1956 and 1980. Results for years between 1980 
and 2019 outline a different spatial regime. Model’s best fit was recorded in sparse and 

Table 4  Estimates of the relationship between natural balance (crude rate) and population density (log-
transformed) using parametric (left) and nonparametric (right) approaches; F-test was always significant 
at p < 0.05

Year Polynomial fit LOWESS spline

a b C F-test AIC Max(d) Max(n) Window Max(d) Max(n)

1956  − 0.44 2.59  − 0.35 7.9 177 877 3.46 9.13 631 3.36
1960  − 0.44 2.78  − 1.01 13.1 140 1442 3.38 8.73 2455 3.23
1970  − 0.39 2.54  − 1.13 13.0 113 1803 3.01 8.70 3467 2.84
1980  − 0.41 2.79  − 1.99 17.4 99 2524 2.76 9.00 1738 2.54
1990  − 0.34 2.15  − 1.58 6.9 61 1452 1.82 9.38 1778 1.58
1999  − 0.32 1.96  − 1.45 6.9 41 1156 1.55 9.53 1380 1.42
2009  − 0.43 2.53  − 1.78 8.1 57 875 1.94 9.00 661 1.78
2019  − 0.18 1.11  − 0.76 5.3 21 1210 0.95 8.75 708 0.87

0
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0.5

1956 1960 1970 1980 1990 2000 2009 2019
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Fig. 8  Trends over time in global  R2 coefficients of models regressing natural balance rates against popu-
lation density (log-transformed) in the study area
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marginal locations, reflecting a spatially heterogeneous relationship between popula-
tion density and natural balance. Local regression coefficients were positive in periph-
eral municipalities of Northern and Eastern Attica and negative in central locations. 
These results confirm the progressive shrinkage of inner Athens.

4  Discussion

While demographic transitions have contributed largely to metropolitan trans-
formations in Europe, the role of vital dynamics and migration was heterogene-
ous over time and space (Hank, 2001; Van Nimwegen, 2013; Vobetkà & Piguet, 
2012). Recognized as the most effective driver of metropolitan growth in the 
1990s and the 2000s, migration decreased with 2007–2008 recession. Especially 
in Southern Europe, one of the most affected regions in the continent, emigration 
at working age—especially younger people, university students, and high-tech 
professionals—rose significantly, minimizing the contribution of migration in 
total population growth (Benassi & Salvati, 2020). COVID-19 pandemic acceler-
ated this process, reducing rural-to-urban divides and fueling counterurbanization 
(but see also Gkartzios, 2013).

With this perspective in mind, analysis of long-term variations in endog-
enous population growth contributes to a more comprehensive understanding 
of demographic dynamics in Mediterranean urban areas. More specifically, our 
study investigates natural population balance to shed further light on (apparent 
and latent) mechanisms of metropolitan growth (Bocquier & Bree, 2018). Latent 
trends in natural balance components allow identification of the socioeconomic 
factors more polarized along density gradients, shedding light on differential pat-
terns of urban and suburban growth (Di Feliciantonio et al., 2018; Dura-Guimera, 
2003; Perez, 2010). Likely for the first time in literature, our study interpreted 
such dynamics in a holistic perspective, delineating the intrinsic relationship 
between location factors, social change, territorial and population trends in the 
study area (Salvati & Serra, 2016).

The empirical results of our study outline a breakpoint in the spatial structure 
of natural balance rates in the early 1980s. Endogenous population growth rates 
were higher in urban and peri-urban areas between the mid-1950s and the late-
1970s. The reverse pattern was observed between 1980 and 2019, when accel-
erated demographic dynamics characterized fringe locations and more remote 
districts (Chorianopoulos et  al., 2010). The spatial structure of natural balance 
was clustered since the early 1980s, and became less clustered in the subsequent 
decades, reflecting the impact of heterogeneous micro-demographic behaviors. At 
the same time, natural balance showed a distinctive response to economic down-
turns—being less dependent on the background context (Panori et  al., 2019). 
These findings document how endogenous population dynamics (and the spatial 
structure of the related growth rates) delineate distinctive stages of a metropolitan 
cycle (Salvati et al., 2016). The existence of an intermediate group of municipali-
ties (in-between urban and rural locations) with accelerated population growth is 
in line with empirical studies qualifying suburbs as the most dynamic places in 
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contemporary metropolitan regions—thanks to the positive impact of higher fer-
tility (e.g., the ‘suburban fertility hypothesis’ sensu Kulu, 2013) and younger age 
structures, with intrinsically lower death rates (Gavalas et al., 2014).

In contrast with the predictions of the ‘city life cycle’ theory (i.e., prefiguring four 
stages of growth, from urbanization to re-urbanization: Van den Berg et al., 1982), 
analysis of diachronic indicators (land-use, demography, economic structure, and 
social transformations), together with an extensive literature (e.g., Chorianopoulos 
et al., 2014; Gospodini et al., 2009; Morelli et al., 2014; Rontos et al., 2016; Salvati 
& Serra, 2016), delineates only two distinctive growth stages in Athens (compact 
urbanization, 1956–1980, and dispersed suburbanization, 1980–2019), emphasizing 
the correspondence of our interpretative model with urban reality (Table 5). Exog-
enous population growth is the result of (i) the intimate structure of population by 
age, dependent on past trends (e.g., demographic transitions), (ii) the net impact of 

Table 5  Evolution of the study area during the last 70 years through the analysis of selected indicators 
for the late 1940s, the late 1970s, and the late 2010s

Indicators derived from official statistics (census and sampling surveys) carried out by ELSTAT and 
referring to the administrative region of Attica. Approximate values (or a confidence range) were pro-
vided when appropriate based on data availability

Variable Late 1940s Late 1970s Late 2010s

Territorial transformations
Urban area (% in total landscape) 2 13 26
Per-capita built-up area  (m2) 33 116 215
Distance of parcels from downtown (km) 5 11 23
Average size of urban parcels (ha) 90 76 51
Soil quality index (score) 1.63 1.62 1.59
Economic structure
Population density (inhabitants/km2) 420 890 980
Workers in services in total labor force (%) 30–40 45–55 65–70
Workers in industry in total labor force (%) 45–50 40–45 25–30
Building activity (new constructions in total stock) 5–10 10–20 3–4
Vertical profile settlements (Avg. no. floors per building) ≈ 2  > 4 3.5–4
Demographic dynamics
Attica-to-Greece population share (%) 21 36 35
Annual population growth rate (%) 3–4 2–3  < 0.5
Contribution of net migration balance to pop. growth (%) 50–80 50–70  < 10
Mean population age 36–40 38–41 43–45
Foreign population  < 1 1–3 7
Social change
Crude birth rate 2.4 2.3 1.3
Civil marriages (% share in total marriage) 0 0 25–30
Female employment rate (%) Low(≈25) Middle(> 35) High(> 45)
Farmers in total workers (%) 12–16 3–5  < 2
Unemployment rate (%) Middle(≈10) Low(< 10) High(> 15)
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economic downturns on population dynamics, and (iii) the increasing importance 
of the social background at both the community and individual levels (Gil-Alonso 
et al., 2016; Nijkamp & Kourtit, 2013; Rubiera-Morollòn et al., 2016). The preva-
lence of one dimension against the others prefigures a specific direction of growth in 
the study area (Salvati et al., 2013).

The first time period (1956–1980) reflected homogeneous processes of urban 
expansion responding rapidly to economic stimuli and less rapidly to social 
change, under demographic dynamics typical of the first transition and territo-
rial transformations associated with compact/vertical growth, intense building 
activity, and moderate (per-capita) land consumption (Gkartzios, 2013; De Rosa 
and Salvati, 2014; Di Feliciantonio et al., 2018). The second period (1980–2019) 
corresponded with heterogeneous processes of urban expansion responding more 
rapidly to social change than to economic stimuli. The underlying population 
dynamics were typical of the second demographic transition (Balbo et al., 2013), 
with territorial transformations being associated with discontinuous and horizon-
tal growth, moderate building activity, and intense (per-capita) land consumption 
(Bayona & Gil-Alonso, 2012; Benassi & Salvati, 2020; Cecchini et al., 2019).

This classification confirms the importance of three dimensions characteristic 
of the long-term distribution of natural population balance across municipalities 
in Athens. First, the intrinsic linkage between average and spatial variability in 
natural balance suggests how spatially homogeneous rates were associated with 
less dynamic (demographic) contexts (Gounaridis et al., 2018). Second, a strong 
similarity between spatial heterogeneity and distribution metrics (i.e., symme-
try) indicates how spatial heterogeneity was intrinsically associated with a nor-
mal distribution of natural balance rates (Rontos et  al., 2016). Third, the most 
intense demographic polarization in urban and rural areas was observed in 1980, 
being associated with an asymmetric spatial distribution of natural balance rates 
across municipalities (Morelli et  al., 2014). Global and local models performed 
better respectively in the first (1956–1980) and second (1980–2019) time inter-
val. In recent times, these results suggest how local models have captured more 
efficiently the latent heterogeneity associated with individual behaviors and (rap-
idly evolving) social contexts (e.g., Arbaci & Tapada-Berteli, 2012; Salvati et al., 
2019; Serra et al., 2014).

The empirical results of this study definitely demonstrate that the contribution of 
endogenous population growth to total growth was very heterogeneous and depends 
on the specific phase of the metropolitan cycle. These findings encompasses the 
specificity of the Athens’ case, and give some pertinent insights to a more general 
investigation of urban-demographic dynamics in European metropolitan regions. 
For instance, reconnecting local-scale demographic dynamics with the City Life 
Cycle theory demonstrates how endogenous population growth (and, more relevant, 
its contribution in total growth) is dependent on the specific stage of the cycle (e.g., 
urbanization, suburbanization). Linking basic population dynamics with the (rap-
idly) evolving socioeconomic context in a comparative perspective was the approach 
used here to test this hypothesis. Our findings seem to confirm the assumption that 
intrinsic spatiotemporal dynamics of endogenous population balance were more 
intensively influencing the last part of the urban cycle—because of recession and 
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COVID pandemics—and will impact even more significantly any future demo-
graphic pattern, more or less grounded on medium-term. At the same time, inter-
national and internal migrations, a key component of the total population balance in 
past time, were losing some strength especially in the last decade, declining rapidly 
in the last two years because of the pandemics (Menashe-Oren & Bocquier, 2021).

Further studies are required to document if this pattern is uniquely associated 
with the exceptional conditions determined by COVID pandemics, or it is only the 
beginning of a stable trend depending on persistent population aging and a structur-
ally low fertility. In this regard, the contribution of population age structure is surely 
relevant and should be studied more accurately. At the same time, natural population 
balance is also sensitive to the past migration history of metropolitan regions (Gil-
Alonso et al., 2016), because fertility rates can be influenced by the ethnic composi-
tion of population (likely displaying different childbearing propensity) due to the 
stratification of distinctive international migration waves (Coleman, 2008). Based 
on these premises, a specific focus on short-term dynamics of natural balance will 
also contribute to refined population projections for urban/metropolitan areas, under 
the assumption that data-driven policy-making and regional planning require an 
advanced knowledge of the latent mechanisms of urban expansion (Boyle, 2003; 
Capello et al., 2015; Zambon et al., 2017). In these regards, our study indicates how 
a diachronic analysis of official statistics appropriately illustrates the (evolving) spa-
tial organization of metropolitan regions (Gkartzios, 2013). Demographic indicators 
assessing formation (and consolidation) of fringe settlements are especially appro-
priate when planning future urban development in Southern Europe and, more gen-
erally, across the continent (Chorianopoulos et al., 2010).

Results of our approach definitely suggest future directions in urban studies and 
regional demography (Morelli et  al., 2014). Metropolitan expansion was demon-
strated to be associated with demographic polarization in dynamic and stagnant 
contexts (Lerch, 2013), wealth accumulation (Buzar et al., 2007), social inequalities 
(Helbich, 2012), and land-use change (Delladetsima, 2006) toward higher resource 
consumption (Vaughan & Arbaci, 2011). In these regards, results of our study make 
clear how different natural population balance rates at the base of distinctive growth 
stages are intrinsically reflective of the complex interplay of underlying forces (eco-
nomic downturns, social change, demographic transition, and territorial transforma-
tions) at multiple spatiotemporal scales (Hoekveld, 2015; Kurek et al., 2015; Zam-
bon et al., 2017).

These findings have strong implications for spatial planning, increasingly com-
mitted to reconnect urban management with diversified population dynamics and 
heterogeneous socioeconomic impulses (Carbonaro et  al., 2018; Kroll & Kabisch, 
2012; Nijkamp & Kourtit, 2013). For instance, the effect of pandemics emerging in 
the last years will differently shape future growth of large metropolises in Mediter-
ranean Europe. Diversified population dynamics in neighboring districts of the same 
metropolitan area delineate specific growth paths, in line with the empirical predic-
tions of the suburban fertility hypothesis (e.g., Kulu & Boyle, 2009) or (direct or 
indirect) mechanisms of density-dependent regulation of population growth (Lutz 
et  al., 2006). While providing an indirect justification to accelerated population 
dynamics in fringe settlements—where a positive natural balance still contributes 
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to total population growth—demographic dynamics in line with this hypothesis will 
contribute to reshape sequential stages of the metropolitan cycle (Domingo & Gil-
Alonso, 2007; Hank, 2001; Lerch, 2019). Comparative approaches based on high-
resolution official statistics (e.g., at the scale of homogeneous neighborhoods) and 
use of refined spatially explicit multidimensional techniques (e.g., Wheeler & Tie-
felsdorf, 2005) are the appropriate tools to shed further light on these deserving 
issues.

5  Conclusions

By reconnecting research on urban cycles with comparative analyses of regional 
demographic dynamics in advanced economies, our study develops a long-term 
interpretation of metropolitan growth that confirms how demographic equilibria are 
particularly dynamic and mostly unstable in cities. In this regard, a better compre-
hension of the multiple responses of social agents to urban change is at the base 
of integrated strategies facing the sustainable development of metropolitan spaces. 
Urban management should actively face with increasingly fragmented population 
dynamics at the fringe, prefiguring the relevance of mechanisms of spatial rebalance 
of inner cities, suburban settlements, and rural districts for metropolitan sustainabil-
ity. Our study has demonstrated how a long-term analysis of population dynamics 
may highlight the latent frame of metropolitan growth, contributing to design meas-
ures for sustainable urban development. While having intrinsic limitations associ-
ated with the use of official statistics, demographic indicators seem to be reliable 
and robust aggregates addressing the intrinsic complexity of metropolitan growth in 
both advanced and emerging economies.
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