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Abstract
Despite a long settlement history, empirical investigations of the role of path dependency in
the long-term evolution of human populations are scarce in Europe, and especially in the
Mediterranean countries. Using spatially explicit econometric techniques, our study dis-
cusses the empirical evidence stemming from a quantitative analysis of the spatial distribu-
tion of population growth rates in 115 districts of metropolitan Athens (Greece) over one
century, distinguishing path dependency from the impact of other socio-economic forces on
long-term urban expansion. The empirical findings of this study clarify how path-dependent
regulation of population growthwas heterogeneous over time and space, and depends on the
specific stage of the city life cycle. After an initial period when path-independent population
expansion reflected the inherent impact of exogenous shocks, path-dependent growth was
associated with compact urbanization governed by agglomeration and scale advantages.
Path-dependent growth was less intense during suburbanization, when the population
spread over larger areas.

Introduction
Population dynamics, regional development and social disparities are interconnected
issues in the urban history of advanced economies. From a morphological perspec-
tive, the progressive shift frommono-centric structures – typical of the post-war cities
– to polycentric settlement models is a characteristic of long-term urbanization
processes, especially in the old continent.1 From a functional perspective, socio-
economic transformations at the heart of settlement expansion were dependent on
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for the size, composition and distribution of city populations’, Urban Studies, 38 (2001), 657–77; C. Couch,
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increasingly divergent patterns of regional development. When there is an under-
standing of the intrinsic nature of socio-spatial structures, the identification and
characterization of metropolitan cycles can benefit from a broad range of approaches
and methodologies.2

Theoretical and operational frameworks based on the notion of the city life cycle
(CLC) – a classical approach to urban growth adopted in economic, geographical and
historical studies – suggest that it is possible to identify distinctive waves of metro-
politan development based on a quantitative analysis of target variables assessing the
evolution of urban, suburban and rural locations over time. While providing a
simplistic interpretation of urban cycles, the intrinsic focus of the CLC theory on
sequential stages of growth is appropriate when investigating long-termmechanisms
of metropolitan expansion. The role of a broad set of socio-economic forces acting as
the intrinsic ‘engine’ of urban growth has also been debated in recent literature.3 If we
assume that long-term metropolitan development is a result of sequential trans-
formations, where intensity and spatial direction depend on past dynamics, it is clear
that urbanization paths havemore recently been associatedwith push and pull factors
delineating stable stages of growth and abrupt shifts toward another steady state with
different conditions for equilibrium.4

Despite the inherent complexity of metropolitan transformations in advanced
economies, spatial heterogeneity in population dynamics has occasionally been
considered key to understanding the historical path of regional growth,5 although
path-dependent regulation of urban expansion has been demonstrated to affect
population trends in some cases.6 While comparative investigations of local-scale
demographic dynamics have helped to shed light on the emerging complexity of
urbanization patterns and processes, few such analyses have been undertaken in
Europe, and especially in Mediterranean locations, where individual countries and
regions exhibit different traits derived from their intrinsic structure, history and
political/cultural background.

To test path-dependent urban growth and the role of territorial heterogeneity in
demographic patterns and processes, we compared the outcome of spatially explicit
(global) econometric models with Geographically Weighted (local) Regressions
(GWRs). These models predicted population growth rates as a function of (i) a
lagged variable reflecting short-term population dynamics in the previous time
interval, (ii) the initial level of population density, (iii) a set of ancillary variables
quantifying economic and non-economic drivers of growth and (iv) space.

2L. Salvati and M. Carlucci, ‘In-between stability and subtle changes: urban growth, population structure,
and the City Life Cycle in Rome’, Population, Space and Place, 22 (2016), 216–27.

3T. Maloutas and N. Karadimitriou, ‘Vertical social differentiation in Athens: alternative or complement
to community segregation?’, International Journal of Urban and Regional Research, 25 (2001), 699–716; S.
Pili, E. Grigoriadis, M. Carlucci, M. Clemente and L. Salvati, ‘Towards sustainable growth? A multi-criteria
assessment of (changing) urban forms’, Ecological Indicators, 76 (2017), 71–80.

4P. Serra, A. Vera, A.F. Tulla and L. Salvati, ‘Beyond urban–rural dichotomy: exploring socioeconomic and
land-use processes of change in Spain (1991–2011)’, Applied Geography, 55 (2014), 71–81.

5L. Salvati and M. Carlucci, ‘Urban growth, population, and recession: unveiling multiple spatial patterns
of demographic indicators in aMediterranean city’, Population, Space and Place, 23 (2017), e2079; M. Bosker
and E. Buringh, ‘City seeds: geography and the origins of the European city system’, Journal of Urban
Economics (2022), doi: 10.1016/j.jue.2015.09.003.

6M. Bosker, S. Brakman, H. Garretsen andM. Schramm, ‘Looking for multiple equilibria when geography
matters: German city growth and the WWII shock’, Journal of Urban Economics, 61 (2007), 152–69.
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This approach has informed the spatially explicit investigation of long-term
mechanisms of population growth and decline in metropolitan Athens (Greece)
performed in our study and covering the last century (1920–2021), using municipal
units as the elementary analysis domain.7 Athens reflects the secular development
trajectories characteristic of several Mediterranean cities,8 and settlement expansion
in the last century is a result of multiple historical events with distinctive economic
and social impacts. One is the progressive shift from an industry-based to a service-
oriented economy and the socio-political turbulence it brought. One consequence of
the Turkey–Greece War of 1911 was the greatest influx of refugees from Asia Minor
that the city has ever seen.9 More recent population trends in Athens (low fertility,
ageing and steady immigration) can also be observed in other cities in the Northern
Mediterranean basin.10

In this context, the notion of ‘path dependence’ – applied extensively and broadly
discussed in the social sciences, from economics to geography and history – lends
itself to innovative interpretations of socio-economic transitions. Assuming a mono-
centric structure that resembles the (dominant) spatial organization of the study area,
we have adopted an approach based on evolutionary economics in order to shed light
on the transformation of urban, suburban and rural districts within a metropolitan
region, to evaluate the role of path dependence in their growth trajectories, and to
identify the factors that influence their developmental stages. We can demonstrate a
growth pattern which changes radically over time, and is influenced by background
conditions at the beginning of the study period and by heterogeneous capabilities
cultivated by local communities.11 We can thus contribute both to urban history and
regional science.

The article is organized as follows: the first section consists of a literature review of
metropolitan cycles and path-dependent urban growth, informed by multiple eco-
nomic, geographical and historical perspectives. The second section describes the
econometric strategy, the results of which are illustrated in the third section. The
main findings of this study are discussed in the fourth section, where some policy
implications for planning future development paths of Mediterranean cities are
outlined. The fifth section concludes the article by commenting on the originality
of our approach, and delineating future approaches to path-dependent complexity in
urban expansion at broader spatial scales.

7L. Leontidou, ‘Land allocation and social transformation in inter-war Athens: a study in peripheral
urbanization’, Urban History Yearbook, 12 (1985), 54–73.

8M. Ciommi, F.M. Chelli and L. Salvati, ‘Integrating parametric and non-parametric multivariate analysis
of urban growth and commuting patterns in a Europeanmetropolitan area’,Quality and Quantity, 53 (2019),
957–79.

9N.Myofa, ‘Social housing policy in themetropolitan area of Athens during the period 1922–2012’,Urban
History, 50 (2021), 319–38; N. Potamianos, ‘Carnival and urban space in Athens, 1834–1940’,Urban History
(FirstView online publication), 1–19.

10V.S. Gavalas, K. Rontos and L. Salvati ‘Who becomes an unwed mother in Greece? Sociodemographic
and geographical aspects of an emerging phenomenon’, Population, Space and Place, 20 (2014), 250–63;
M. Ciommi, F.M. Chelli, M. Carlucci and L. Salvati, ‘Urban growth and demographic dynamics in southern
Europe: toward a new statistical approach to regional science’, Sustainability (Switzerland), 10 (2018), 2765.

11B. Arthur, ‘Competing technologies, increasing returns, and lock-in by historical events’, Economic
Journal, 99 (1989), 116–31; P.E. Beeson, D.N. DeJong and W. Troesken, ‘Population growth in US counties,
1840–1990’, Regional Science and Urban Economics, 31 (2001), 669–99; K. Behrens, G. Duranton and F.
Robert-Nicoud, ‘Productive cities: sorting, selection, and agglomeration’, Journal of Political Economy, 122
(2014), 507–53.
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Literature review
Path dependence has been studied in a broad range of disciplines, and models testing
for this condition have been applied to a number of practical issues. Radzicki and
Sterman have defined path dependency as ‘a characteristic of models that get locked
into the particular dynamical path they initially “choose” (usually by chance)’;12 these
models represent a useful means of simulating dynamic change. From an economic
perspective, path dependency can be seen as a way of understanding transformations
as a process of cumulative causation where the dominant feedback loops are self-
reinforcing.13 On the assumption that an existing path is determined by a chance
event in the past or by the cumulative effects of past actions, policy choices can
intervene in a system and alter the direction of development.14 However, finding the
correct policy choice may be difficult since these feedback loops (or cause-effect
linkages) may not be linear or theremay be a time lag between an action and its effect.
Path dependency provides a useful perspective for understanding how these pro-
cesses operate over time to produce and maintain certain places as comparatively
attractive for defined targets, such as population growth.

Moving from economics to geography, we can see that a functionalist approach to
urban transformations based on human ecology has influenced the theory of path
dependency.15 According to Brown et al., ‘geographic communities develop through
a linear series of stages animated by changing technological regimes, large-scale
population movements, or other perturbations’.16 Delineating a linear, evolutionary
model of development, interpretations of urban change as a series of discrete stages –
each of which unfolds from the preceding one – were criticized as simplistic and
difficult to demonstrate, since stable criteria for determining the number and order of
stages forming a developmental sequence are lacking.17 However, the idea that
existing conditions influence (or limit) the successive development dynamics of a
given place/community has had a major influence on social science.

From a historical perspective, path dependency suggests that actions which have
occurred in the past affect the options available in the future, since events are shaped
in specific ways by historical trajectories involving self-reinforcing sequences that
reproduce particular developmental patterns over time. Since path dependency may
explain how history limits developmental options, it can produce durable differences
between societies. Rather than being a predetermined linear process, the demo-
graphic response to urban growth is contingent on a set of decisions about economic

12M.J. Radzicki and J.D. Sterman, ‘Evolutionary economics and system dynamics’, in E.W. England (ed.),
Evolutionary Concepts in Contemporary Economics (Ann Arbor, 1994), 61–89, at 64.

13B. Gardiner, R. Martin and P. Tyler, ‘Does spatial agglomeration increase national growth? Some
evidence from Europe’, Journal of Economic Geography, 11 (2011), 979–1006.

14E.L. Glaeser and J.D. Gottlieb, ‘The wealth of cities: agglomeration economies and spatial equilibrium in
the United States’, Journal of Economic Literature, 47 (2009), 983–1028.

15M.J. Hamilton, O. Burger, J.P. DeLong, R.S. Walker, M.E. Moses and J.H. Brown, ‘Population stability,
cooperation, and the invasibility of the human species’, Proceedings of the National Academy of Sciences, 106
(2009), 12255–60.

16D.L. Brown, B.C. Bolender, L.J. Kulcsar, N. Glasgow and S. Sanders, ‘Intercounty variability of net
migration at older ages as a path‐dependent process’, Rural Sociology, 76 (2011), 44–73, at 48.

17R. Jedwab, E. Kerb and A. Moradi, ‘History, path dependence and development: evidence from colonial
railways, settlers and cities in Kenya’, Economic Journal, 127 (2017), 1467–94.
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developmentmade at strategic moments. Decisions taken at turning points in history
have a powerful positive (or negative) impact on future developmental paths.

The use of path dependency as a theoretical guide to empirical research is therefore
not limited to examining the negative implications of particular developmental
trajectories, because certain events, circumstances and decisions can also trigger
advantageous future paths.18 The long-term development of individual communities
within a given city ormetropolitan region is an example of such an evolutionary path,
where the intrinsic characteristics of local development depend on the degree of path
dependence.19 Urban science and development studies have argued over whether
geography (i.e. natural advantages) or history (i.e. man-made advantages) are the
main determinants for the spatial distribution of population and economic activities.
The strong influence of geography on spatial development implies that localized
historical shocks only have temporary effects while regional policies may shape
spatial development permanently.20

However, localized historical shocks can have permanent spatial effects, which
suggests the importance of path dependence in space and reflects the existence of
multiple spatial equilibriums, with the selection of one of these conditions being
determined by history.21 This historical importance leaves a role for regional policies
since they can have an effect on spatial development.22 We therefore considered a
series of exogenous shocks to investigate the extent of urban path dependence in a
European country. Urban growth – its extent and pattern – was spatially allocated
according to local conditions and regional driving forces, assuming a path-dependent
approach, as elucidated in the sub-section Logical framework and econometric
specification.

Methodology
A century of socio-economic development in Greece and its capital city, Athens

The Greek population increased from 5 million inhabitants in 1920 to 10.5 million
inhabitants in 2021. A young demographic structure was at the base of pre-war
population dynamics leading to a positive natural balance, which remained stable
until the early 1970s. Together with other factors, population growth has ensured
continuous economic development since the 1950s, which in turn fuelled internal
migration toward urban areas.23 In the 1950s, Athens’ share in the total Greek
population was over 30 per cent and remained stable in the following decades. The

18M. Gkartzios, ‘“Leaving Athens”: narratives of counterurbanisation in times of crisis’, Journal of Rural
Studies, 32 (2013), 158–67.

19I. Duvernoy, I. Zambon, A. Sateriano and L. Salvati, ‘Pictures from the other side of the fringe: urban
growth and peri-urban agriculture in a post-industrial city (Toulouse, France)’, Journal of Rural Studies, 57
(2018), 25–35.

20R. Martin and P. Sunley, ‘Path dependence and regional economic evolution’, Journal of Economic
Geography, 6 (2006), 395–437.

21W. Lutz, B.C. O’Neill and S. Scherbov, ‘Europe’s population at a turning point’, Science, 299 (2003),
1991–2.

22T.R. Michl and D. Tavani, ‘Path dependence and stagnation in a classical growth model’, Cambridge
Journal of Economics, 46 (2022), 195–218.

23C. Di Feliciantonio, L. Salvati, E. Sarantakou and K. Rontos, ‘Class diversification, economic growth and
urban sprawl: evidences from a pre-crisis European city’, Quality & Quantity, 52 (2018), 1501–22.
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history of Athens is complex (Figure 1), as the city experienced rapid expansion
under different economic and political conditions. Since the early 1920s, the city has
seen periods of accelerated population growth, including the influx of refugees from
Asia Minor, and internal migration during the Civil War of the late 1940s, which
started a longwave of dense urbanization encompassing half of the twentieth century.

Athens’ population increased substantially in the 1950s, fuelling compact urban-
ization. This spatial pattern was consolidated in the following two decades reflecting
radio-centric urbanization. A latent shift toward suburbanization in the 1970s was
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Figure 1. A conceptual map illustrating themain events shaping Athens’ expansion in the last century (top)
and annual population growth rates in downtown Athens, the Greater Athens’ area and Attica between
1848 and 2021 (bottom).
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associated with the decline of inner cities and the increase of fertility in outer
districts.24 An evident modification of the spatial structure of population growth
rates was observed between 1981 and 1991, since the polarization in urban areas (with
a declining population) and suburban districts (with an increasing population)
consolidated in response to suburbanization – with residential mobility becoming
a powerful driver of metropolitan growth.

Some demographic traits have distinguished metropolitan Athens (basically
corresponding with the administrative region of Attica) from the rest of the country
since the 1970s. The natural rate of population growth was high in Attica and fell
significantly in the late 2000s, 10 years later than in the rest of Greece, at the end of the
‘golden’ decade of economic expansion culminating in the 2004 Olympics. Interna-
tional migration has contributed to demographic dynamics in both the region of
Attica and in the country, albeit in different ways. The migration balance in Attica
was positive until the early 1970s; it declined in the following decade and recovered in
the 1990s and 2000s. In the rest of Greece, the migration balance was negative until
the early 1970s, highlighting the role of internalmigration in the long-term expansion
of Greek cities.25 The migration balance in Attica has been positive since the early
1980s, declining slightly in the following decades.

Recent growth paths in Attica have resulted in spatial heterogeneity with local
specificities that reflect gentrification, class segregation, ageing and inner-city shrink-
age because of low fertility and stable (or slightly declining) migration flows. Despite
rapid immigration, the most recent developmental stage has featured reversed
population trends, with demographic decline as a result of recession.26 Themigration
balance was weakly negative in the 2010s, albeit with low emigration rates. In 2021,
the resident population of Athens amounted to 3.7 million inhabitants (nearly 1,200
inhabitants/km2), although density still divides urban settlements (up to 7,000
inhabitants/km2) from rural communities (less than 200 inhabitants/km2).

Based on these premises, the long-term developmental trajectory of metropolitan
Athens represents a quasi-experiment where continuous urban expansion reflects
(and is fed by) the sedimentation of different exogenous shocks and the contempo-
rary feedback characteristic of informal settlement expansion and weak spatial
planning – at least up to the 1980s. Because of complex stratification of multiple
urban agents,27 the geography of municipalities resembles the fine-grain and inher-
ent specificities in local communities interacting over time and competing for
growth. Assuming path-dependent population dynamics as a result of this mutual
interplay of social forces,28 Athens’ metropolitan space was therefore regarded as
anisotropic – generating spatially differentiated and mostly heterogeneous condi-
tions for regional and local development.

24A. Panori, Y. Psycharis and D. Ballas, ‘Spatial segregation and migration in the city of Athens:
investigating the evolution of urban socio-spatial immigrant structures’, Population, Space and Place,
25 (2019), e2209.

25Couch, Petschel-Held and Leontidou, Urban Sprawl in Europe.
26V.P. Arapoglou and J. Sayas, ‘New facets of urban segregation in southern Europe: gender,migration and

social class change in Athens’, European Urban and Regional Studies, 16 (2009), 345–62.
27V.K. Mathur, S.H. Stein and R. Kumar, ‘A dynamic model of regional population growth and decline’,

Journal of Regional Science, 28 (1988), 379–95.
28M.V. Melosi, ‘Path dependence and urban history: is a marriage possible?’, in D. Schott, Resources of the

City (London, 2017), 276–89.
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Study area

Metropolitan Athens, basically coinciding with the region of Attica (3,025 km2)
delineated by the Urban Atlas initiative (European Environment Agency, 2006), was
the object of our study. Urban Atlas boundaries are in line with the conventional
definition of Athens as a mono-centric region, a morphological structure which has
been defined since the 1920s. The use of stable geographies reduces the effect of
variable boundaries, allowing for the delineation of coherent metropolitan growth
along a predetermined urban–rural gradient based on the distance from central
Athens. Municipalities were selected as the elementary domain, which allowed an
appropriate multi-temporal analysis of statistical data, mainly from general censuses.
The local administrative structure was articulated in 115 municipalities (and local
communities), half of which formed the Athens–Piraeus’ conurbation (430 km2). As
representative of the (fine-grain) geography of urban neighbourhoods and small
communities, Local Administrative Units have an important role in official statistics
because of the availability of data from the population (and other) censuses and its
relevance for spatial planning and implementation of local policy. ArcGIS release
10 (ESRI, Inc., Redwoods, USA) allowed for the use of a shapefile of municipal
boundaries produced and disseminated by the Hellenic Statistical Authority
(ELSTAT) for descriptive analysis.

Logical framework and econometric specification

A comparative investigation of local demographic dynamics provides explicit evi-
dence of path-dependent urban growth. Our analysis integrates the notion of path-
dependent growth into a broader interpretation of metropolitan cycles based on the
spatial variability of long-termpopulation growth rates and the related distribution of
socio-economic functions. Changes over time in the relationship between population
dynamics and key factors of urban expansion (e.g. agglomeration, scale economies,
amenities, planning constraints) were delineated as an intrinsic function of metro-
politan growth, which identified stable patterns and regime shifts over space.29

Assuming population dynamics as the latent engine of growth, such a relationship
was interpreted as a ‘production function’ – a fundamental representation of urban
expansion based on multiple conditions for equilibrium that reflect the long-term
development path of a given city.30

If we assume that path-dependent regulation of population growth is an intrinsic
property of local systems that delineates the sequence and timing of a given urban
cycle, a refined knowledge of path-dependent dynamics at the heart of metropolitan
growth and decline can clarify the intrinsic mechanisms shaping developmental
stages and the transitional periods in between. Since different levels of path depen-
dency delineate independent and distinctive stages of urban development, this pro-
vides a novel framework to estimate the rapidity of change in the different
components (and forces) underlying metropolitan expansion. Functions estimating

29P.K. O'Brien, ‘Path dependency, or why Britain became an industrialized and urbanized economy long
before France’, Economic History Review, 49 (1996), 213–49.

30M.D. Partridge, D.S. Rickman, K. Ali and M.R. Olfert, ‘Do new economic geography agglomeration
shadows underlie current population dynamics across the urban hierarchy?’, Papers in Regional Science, 88
(2009), 445–66.
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the frontier of urban growth may identify sequential steady states of metropolitan
systems, with distinctive population dynamics as the basis of their shifts toward
another development regime.

If we look beyond the supposed rigidity of spatial implicit models, a consensus
analysis of the outcome of spatially explicit models – both global and local regressions
– may effectively interpret spatial dependence and heterogeneity in population
growth rates and outline latent patterns of urban expansion.31 Accordingly, metro-
politan growth has been divided in our study into the individual factors contributing
to settlement expansion and depending on the dynamic interplay between economic
and non-economic forces.32 By investigating a sufficiently long interval approxi-
mately divided into decades, we ensured that the study captured independent urban
waves, profiled using different growth functions. The goodness-of-fit of models
estimating such functions was taken as a preliminary verification of the existence
of path-dependent mechanisms of population growth.33 Furthermore, regression
coefficients assessed the net impact of path dependence on total growth over time.34

Other predictors have helped to identify the role of alternative mechanisms of
population growth or decline against path dependence. In other words, our analysis
concentrates on the long-term evolution of functional coefficients as a manifestation
of dynamic mechanisms shaping urban growth.35

Statistical data and variables

Total population of each municipality was made available from the official statistics
of the ELSTAT disseminated at 10 dates (1920, 1940, 1951, 1961, 1971, 1981, 1991,
2001, 2011 and 2021) through the institutional website,36 printed yearbooks, other
technical publications, as well as unpublished materials that include scanned copies
of past censuses’ bulletins and records accessible at the ‘digital library’ of the same
website, or by a specific request. Boundaries of municipalities in Greece were stable
over time, but underwent minor changes. The total population inmunicipalities with
slight changes in administrative boundaries was estimated with regard to additional
demographic information derived from the ELSTAT (total population by settlement/
village/local communities) or estimated as the average of the five nearest spatial units.
In the last case, the reconstructed population for the spatial series of municipalities
during the last century was controlled with ancillary variables from independent
statistical sources with a (direct or indirect) relationship with population such as

31L. Salvati, ‘Population distribution and urban growth in southern Italy, 1871–2011: emergent polycen-
trism or path-dependent monocentricity?’, Urban Geography, 35 (2014), 440–53.

32L. Salvati andV.GargiuloMorelli, ‘Unveiling urban sprawl in theMediterranean region: towards a latent
urban transformation?’, International Journal of Urban and Regional Research, 38 (2014), 1935–53.

33D.I. Stern, ‘Historical path-dependence of the urban population density gradient’, Annals of Regional
Science, 27 (1993), 259–83.

34F.J.B. Tapia, A. Díez-Minguela and J. Martinez-Galarraga, ‘Tracing the evolution of agglomeration
economies: Spain, 1860–1991’, Journal of Economic History, 78 (2018), 81–117.

35R. Salvia, L. Salvati and G. Quaranta, ‘Beyond the transition: long-term population trends in a
disadvantaged region of southern Europe, 1861–2017’, Sustainability, 13 (2021), 6636.

36The website of the Hellenic Statistical Authority (ELSTAT) is available at www.statistics.gr (accessed
June 2023).
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building censuses, agricultural censuses and annual surveys of economic activities,
both industry and services.

The annual percentage change in resident population over nine inter-census
decades (see above) elaborated from total population data for each municipality in
metropolitan Athens was the dependent variable of this study. A number of variables
were considered as candidate factors of urban growth37 andweremade available from
official statistics at the same spatial scale: (i) the annual percentage population growth
rate (Gro) measured one time window before (i.e. lag(-1)) as an intrinsic measure of
path dependency, (ii) population density (Den), that is, the ratio of resident popu-
lation in the total municipal area (km2, log-transformed) as a proxy of agglomeration
economies, (iii) absolute municipal size (Siz), that is, the total number of inhabitants
(log-transformed) in each municipality at a given time as a proxy of congestion
externalities; (iv) average elevation of each municipality (Ele, m), (v) a dummy
identifying coastal (‘1’) and inland (‘0’) municipalities (Sea), (vi) a Soil Quality Index
(Sqi) and (vii) a Climate Quality Index (Cqi) both derived from raster maps released
by the European Environment Agency38 ranging from 1 (worst condition) to 0 (best
condition). Variables (iv–vii) quantified natural amenities and delineated territorial
conditions in the study area. Additional variables include (viii) a dummy identifying
affluent (‘1’) and economically disadvantaged (‘0’) districts (Poo) following a terri-
torial classification proposed in earlier studies, (ix) a dummy identifying municipal-
ities (Rai) with at least one railway station (‘1’) from those without a station (‘0’), (x) a
dummy (Hea) distinguishingmunicipalities that act as the prefectural head town (‘1’)
from those that are not (‘0’) and, finally, (xi) perimeter-to-area ratio (Pat), a control
variable derived from landscape ecology and assessing the overall configuration and
spatial form of local administrative units, which was computed from the shapefile of
municipal boundaries released by the ELSTAT as noted above. All variables were
standardized prior to analysis. To check for predictors’multi-collinearity, a Variance
Inflation Factor (VIF) was finally calculated for each time interval and input variable
delineating a non-redundant structure of predictors’ matrix.

The design of the analysis

Our work generalizes and expands a simplified framework illustrated in Ciommi
et al.39 Assuming different spatial regimes of population dynamics associated with
each stage of the metropolitan cycle, we specified the spatial variability in population
growth rates as a function of path dependency, density dependency, congestion
externalities, economic factors including agglomeration and accessibility, and non-
economic factors including natural amenities. To model such relationships, a

37P.J. Taylor, A. Firth, M. Hoyler and D. Smith, ‘Explosive city growth in the modern world-system’,
Urban Geography, 31 (2010), 865–84; A. Young, ‘Inequality, the urban–rural gap, and migration’, Quarterly
Journal of Economics, 128 (2013), 1727–85; I. Zambon, A. Colantoni and L. Salvati, ‘Horizontal vs vertical
growth: understanding latent patterns of urban expansion in large metropolitan regions’, Science of the Total
Environment, 654 (2019), 778–85.

38European Environment Agency (EEA), ‘Urban sprawl in Europe. The ignored challenge’, EEA Report
no. 10, 2006.

39Ciommi, Chelli, Carlucci and Salvati ‘Urban growth and demographic dynamics in southern Europe’,
2765.
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comparative econometric approach was adopted. A Principal Component Analysis
has provided a summary of the outcomes of this approach delineating non-
redundant drivers of urban change. These outcomes may shed further light on the
complex paths of metropolitan development in advanced economies.

Econometric specification

We assumed that the administrative size of municipalities does not influence pop-
ulation dynamics. Cross-section regressions were run for each time interval men-
tioned above, with each stage of the metropolitan cycle taken as representative of
distinctive socio-economic contexts at the local scale.40 We specified population
growth rates (G) as a function of five dimensions regulating metropolitan develop-
ment:41 path dependency (P), density dependency (D), congestion externalities (C),
other economic forces including agglomeration and accessibility (E), and non-
economic forces (S) as follows:

G= f P,D,C,E,Sð Þ (1)

This specification allowed for a coherent identification of the degree of path depen-
dence in urban growth and the impact of density-dependent regulation of population
dynamics and of ancillary variables describing the background context.

Regression models

Regression models were run controlling for time (i.e. distinguishing the impact of
distinctive stages of the cycle) and space (i.e. using global, spatially explicit econo-
metric specifications and comparing results with those from spatially implicit, global
specifications and from spatially explicit, local approaches). We assumed an Ordi-
nary Least Square (OLS) regression as a baselinemodel exploring spatial variability of
the dependent variables as follows:

Y = αiN þXβþ ϵ (2)

where Y denotes an N × 1 vector consisting of one observation on the dependent
variable for every unit in the sample (i = 1,…, 115). X indicates an N × K matrix of
predictors associated with the K × 1 parameter vector β. Finally, iN is an N×1 vector
of ones associated with the constant term (parameter α) and ϵ is an N×1 vector of
independently and identically distributed disturbance terms with zero mean and
variance σ2 . Spatial models were derived by augmenting OLS regressions to capture
different types of spatial autocorrelations among the observation units. A commonly
applied spatial model that accounts for at least one of the spatial autocorrelations
above is the Spatial Autoregressive Model (SAR) wherein the spatial spillovers arise
from the dependent variable:

40P. Turchin, ‘Long-term population cycles in human societies’, Annals of New York Academy of Science,
1162 (2009), 1–17.

41A. Woodlief, ‘The path-dependent city’, Urban Affairs Review, 33 (1998), 405–37.
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Y = ρWYþαiN þXβþu (3)

A second model was applied when interdependence among prefectures takes place
through the error term, namely the Spatial Error Model (SEM):

Y = ρWYþαiN þXβþWXθþu,u= λWuþ ϵ (4)

where W is a positive N × N spatial weights matrix that describes the dependence
structure between observation units and reflects the spatial influence of location j on
location i or vice versa. Here, we adopted an inverse-distance (normalized) matrix of
spatial weights with zero diagonal elements and off-diagonal elementsωij quantifying
the reciprocal of the distance between the units i and j; WY and WX denotes
respectively the endogogenous and exogenous interaction effects, while Wu is the
interaction effects among the disturbance terms of the different municipalities. The
scalar parameters ρ and λmeasure the strength of dependence between units, and θ is
a K × 1 vector of response parameters. Models were estimated with the generalized
method-of-moments42 and best-fit estimation of the above-mentioned models was
evaluated using adjusted-R2 or pseudo-R2.

A spatially explicit strategy based on Geographically Weighted Regressions
(GWRs) with the same econometric specification illustrated above was finally
adopted to predict the intrinsic (local-scale) variability of population growth rates
across metropolitan Athens, identifying the role of spatial heterogeneity and con-
trolling for spatial dependence. Themodel’s goodness-of-fit was assessed using global
R2 coefficients significant regression coefficients at p < 0.01 with bi-square nearest
neighbour kernel to calculate spatial weights.

Principal Component Analysis

A Principal Component Analysis was run on a matrix composed of the 11 predictors
presented in the sub-section Statistical data and variables and the adjusted-R2 esti-
mating the strength of the respective urban function (as column inputs); and 24 obser-
vations (3 regression models: SAR, SEM and GWR, and 8 time windows (as row
inputs). The growth function was estimated at the scale of individual municipalities
(n = 115) with the regression models illustrated in the sub-section The design of the
analysis by fixing an a priori eigenvalue threshold (> 3) to select significant compo-
nents. Assuming statistical independence among components by construction, load-
ings and scores were illustrated using a biplot allowing for the interpretation of each
extracted dimension.

Results
Results of regression models

We used the spatially implicit Ordinary Least Square (OLS) regressions as the
baseline and we reported the outcomes of spatially explicit (global: SAR and SEM;

42H. Kelejian and I.R. Prucha, ‘Specification and estimation of spatial autoregressive models with
autoregressive and heteroskedastic disturbances’, Journal of Econometrics, 157 (2010), 53–67.
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local: GWR) econometric models in Appendix 1. Table 1 illustrates a consensus
analysis of themost relevant econometric results in the four testedmodels (OLS, SAR,
SEM, GWR) reporting the sign of the related regression coefficient. Figure 2 shows
the main trends over time for the significant predictors in the models. The models’
goodness-of-fit (adjusted-R2) was largely variable over time, reaching the highest

Table 1. A consensus analysis of the sign of significant (p < 0.05) regression coefficients for all models
(OLS, SAR, SEM, GWR) tested in this study.

Time Gro Den Siz Rai Pat Ele Sea Sqi Cqi Poo Hea

1920–40 vs. 1940–51 (-) (+)
1940–51 vs. 1951–61 (-) (-) (+) (+)
1951–61 vs. 1961–71 (+) (-)
1961–71 vs. 1971–81 (+) (+) (-) (+)
1971–81 vs. 1981–91 (+) (-) (+)
1981–91 vs. 1991–01 (+) (-) (-) (+)
1991–2001 vs. 2001–11 (+)
2001–11 vs. 2011–21 (-) (-)
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Figure 2. Trends over time in regression coefficients by predictor, time window and econometric model
(black: OLS; blue: SAR; red: SEM; green: GWR).
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values in correspondence with the 1960s, the 1970s and the 1980s, irrespective of the
model used. Although all models were found significant at p < 0.05, the lowest
goodness-of-fit was observed in the first observation time window (1920–40
vs. 1940–51) and in the last observation time window (2001–11 vs. 2011–21). Local
regressions systematically outperformed global models, providing similar results for
all predictors as far as the sign and value of slope coefficients are concerned.

The non-significant coefficients of Rai, Hea and Pat underline the importance of
controlling for the area-to-perimeter patch index (Pat); the modest role of railways
(Rai), probably because of the limited extent of the network. The neutrality of
medium-size towns (Hea) in the metropolitan growth of Attica indirectly confirms
the persistence of a mono-centric structure in the study area, in line with the working
hypothesis. The remaining predictors were statistically significant only for one of few
(sometimes consecutive) decades. In line with the goodness-of-fit of each model, the
number of significant variables in the estimated growth function changed between
the time window; for example, only two predictors in the first time window and four
predictors in the fourth and fifth windows.

The predictor estimating path-dependent growth (Gro) was found to be statisti-
cally insignificant in the first and the last time window, and highly significant for the
remaining observations, assuming a negative regression coefficient for the 1950s and
a positive coefficient in the subsequent decades up to the 2000s. Recession-driven
spatial heterogeneity characteristic of the most recent growth stage may explain the
irrelevance of path dependency in the 2010s urban expansion. At the same time,
exogenous shocks leading to huge, spatially uncoordinated and largely unplanned
population increases may explain path independence in the time window encom-
passing the two world wars, and the negative coefficient of Gro in the immediate
aftermath of World War II – testifying to a relevant regime shift in the spatial
distribution of population before and after the Greek Civil War.

The reverse pattern was observed for the predictor assumed to estimate the
negative externalities of urban concentration (Siz), as it was significant from the first
to the sixth time window. The sign and time patterns of Siz were consistent with the
role of population hyper-concentration in central cities (Athens, Piraeus and the
neighbouring municipalities), delineating the role of congestion externalities in
triggering suburbanization, that is, pushing a segment of the resident population
to move to less crowded districts in the Greater Athens area or in peri-urban
locations. Although earlier studies dated the early stages of suburbanization to the
1960s, our results indicate how congestion externalities were an important force of
suburbanization at least one decade before, anticipating the increase in residential
mobility observed in the 1960s and the 1970s. At the same time, Siz regression
coefficients declined abruptly in the 2000s and the 2010s, and were systematically
insignificant for all models. These results may depend on the latent shrinkage of
central Athens and Piraeus, which started in the 1950s. Population contraction
continued at a reduced pace, leading to a substantial de-concentration of inner cities;
Athens and Piraeus lost nearly 3,000 inhabitants/km2 in a few decades. These (mostly
unplanned) de-congestion processes answered the issue of population hyper-
concentration of central settlements characteristic of contemporary Athens.

The regression coefficients associated with population density (Den) were signif-
icant (and positive) only in the 1970s, corresponding with the highest goodness-of-fit
of all econometric models run in this exercise. Such results delineate a density-
dependent process of population growth, in addition to path dependence and the net
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effect of congestion externalities in a particularly dynamic stage of Athens’ growth. It
evidences the end of compact urbanization and the consolidation of a less dense
settlement model. From a morphological perspective, the 1970s was the decade with
the highest settlement concentration in Attica and the greatest density polarization in
urban and rural districts in the last two centuries. These results clarify the dominance
of path-dependent mechanisms over density-dependent processes of urban growth,
delineating in turn the synergic impact of congestion externalities.

The econometric analysis outlined a less relevant role of non-economic predictors
of urban growth. Soil quality (Sqi) was significantly associated with population
growth and urban expansion in the first and second decades (with positive coeffi-
cients) and in the sixth decade (with a negative coefficient). These findings indicate
that urban settlements expanded into (i) low-quality land (located in the immediate
outskirts of the Greater Athens area) in a developmental stage corresponding with
compact urbanization and into (ii) high-quality land (located in remote, rural
districts) during suburbanization. This confirms the key role of Athens’ sprawl in
high-quality land development, and the validity of our approach in depicting the
recent history of Athens.

Climate quality (Cqi) was significantly associated with population growth rates in
the 1950s and 1980s. In both cases, positive coefficients indicate that population
increased more rapidly in municipalities with a higher Climate Quality Index. This
corresponded with a settlement expansion into drier land (i.e. with a higher Cqi) in
accessible flat districts.43 Significantly higher than random population growth rates
were additionally observed in (i) coastal municipalities (Sea) and in (ii) hilly munic-
ipalities located in themountains (Ele) surroundingAthens from east to west (Imitos,
Pendeli, Parnitha, Egaleo) respectively in the 1970s and the 1980s.

Taken together, these findings document the important role of natural amenities
driving urban expansion at specific stages of the metropolitan cycle, namely with
early suburbanization in the 1970s and 1980s, according to the timing proposed by
Morelli et al.44 In that period, the most affluent population’s capacity to purchase
buildable land in expensive locations became the main social actor in the residential
movement toward the suburbs. Trends over time in a soil quality indicator confirm
this pattern, since better land (lower Sqi levels), probably sold at higher prices, was the
main target of exurban development in Athens. Despite the importance of socio-
spatial disparities in the area throughout the study period, the wealth-income
gradient was only found to be negatively associated with population growth rates
in the last decade. These findings are not counterintuitive if framed within the broad
framework of the great recession – probably the worst crisis to impact Greece since
the Civil War. Results indicate that, in a period of economic stagnation and spatially
heterogeneous urban expansion –with small settlement projects predominating over
larger real estate because of capital and investment shortage – population and
settlements grew less rapidly in economically backward areas and more rapidly in
wealthier districts.

Affluent (mostly suburban) municipalities attracted a resident population more
frequently than (urban) municipalities with compact settlements, agglomeration

43L. Salvati and P. Serra, ‘Estimating rapidity of change in complex urban systems’,Geographical Analysis,
48 (2016), 132–56.

44V.G. Morelli, K. Rontos and L. Salvati, ‘Between suburbanisation and re-urbanisation: revisiting the
urban life cycle in a Mediterranean compact city’, Urban Research & Practice, 7 (2014), 74–88.
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economies, infrastructures, accessibility conditions or amenities, as was observed in
recent decades, and probably at the expense of the neighbouring disadvantaged
districts. The indirect competition for population, a possibly planned way of growth
because of the large inflow of services guaranteed by local policies in affluent districts,
was the last frontier for urban growth and may justify the irrelevance of path
dependency in recession. This environment, aggravated by a long-term demographic
decline because of ageing and low fertility, may testify to another regime shift in the
long-term growth of Athens. The COVID-19 pandemic exacerbated the consequent
economic stagnation after moderate growth in the late 2010s.

Summarizing urban growth functions with a multivariate exploratory analysis

The results of a Principal Component Analysis presented in the sub-section Principal
Component Analysis are illustrated in Figure 3. In accordance with the restrictive
eigenvalue threshold fixed a priori, we extracted two principal components account-
ing for 59 per cent of the total variance that provided a parsimonious description of
the growth functions in metropolitan Athens. By scrutinizing the most significant
predictors in regression models, we found Component 1 was uniquely associated
with Gro (-0.88), Poo (0.69) and Sqi (0.66). Component 2 was in turn associated
uniquely with Den (0.93), Siz (-0.76), Sea (0.78) and Ele (0.66). These findings
confirm the statistical independence of Gro and Den, since components are orthog-
onal by construction and provide proof of the conceptual independence of path-
dependent and density-dependent patterns of population growth in the study area.
Additionally, these results document the reverse role of Den and Siz (oriented toward
opposite signs along the second axis) respectively as proxies of agglomeration
economies and congestion externalities, confirming the validity of these two variables
as non-redundant predictors of urban growth.

Considering two principal components allows for a simplified representation of
the latent (multivariate) relationship between predictors (columns) and time
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Figure 3. Biplot of a Principal Component Analysis depicting the multivariate relationship among
predictors of urban growth by time window (the end year for each period is indicated with the following
symbols: 1951 ▫ ; 1961 ▫; 1971 □ ; 1981 • ; 1991 ∇; 2001 * ; 2011 x; 2021 +).
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windows (rows) within a biplot controlling for the model’s heterogeneity (adj-R2)
and regression approach (SAR, SEM, GWR). The analysis effectively discriminated
between the outcomes of the three regressionmodels at different times, irrespective of
the model’s type: 1940–51 and 1951–61 coefficients clustered along the positive size
of Component 1 and 1971–81 coefficients clustered along the positive size of
Component 2; 1961–71 and 1981–91 coefficients clustered along the negative size
of Component 1; 1981–91 coefficients clustered in a less evident (bari-centric)
position; finally, 1991–2001 and 2001–11 assumed a mixed position in the biplot
associated with the third quadrant (negative scores for both Axis 1 and 2).

The biplot was revealed to be a particularly appropriate graphical tool expressing
the latent evolution of urban growth functions over time, that is, delineating the
intrinsic relationship between population dynamics and economic/non-economic
factors of growth. In this way, the role of (i) path dependence (time-varying), density
dependence (occasional), congestion externalities (mostly in the first stage of the
cycle: i.e. compact urbanization) and amenities (mostly in the second stage of the
cycle: i.e. semi-dense suburbanization) was graphically summarized and helps us gain
a more nuanced understanding of the history of contemporary Athens.

Discussion
If metropolitan agglomerations are the main engine of economic development,
studying why cities emerge and persist is crucial to our understanding of growth
processes and the evolution of socio-spatial disparities. While affecting demographic
dynamicsmostly at the local scale, spatial variability in settlement patterns and socio-
economic processes has consolidated heterogeneous demographic dynamics shaping
the evolution of metropolitan agglomerations on the European continent. This
provides optimal conditions for testing path dependency. From this perspective,
path-dependent regulation of population growth and decline can be regarded as one
of the most common mechanisms leveraging urban expansion.

The empirical results of our study help to adapt the simplified idea of the city life
cycle to more realistic growth waves depending on divergent demographic dynamics
that reflect the joint evolution of urban, suburban and rural districts. In other words,
this work has re-contextualized long-term urban development through the lens of
path dependency, considering the intrinsic polarization in urban and rural areas into
a non-linear growth process with sequential (and spatially differentiated) demo-
graphic accelerations and decelerations. The degree of path dependency, as estimated
in this study, became more intense with acceleration waves and less intense with
deceleration waves. These results suggest how non-linear and spatially variable
mechanisms of demographic regulation are reflective of important feedbacks on
urban expansion, and demonstrate the validity of econometric approaches qualifying
the role of path-dependentmechanisms of population growth at the fine grain of local
communities.

These findings also delineate distinctive development paths based on push-and-
pull factors that reflect a ‘life cycle’ when initial dynamics affect subsequent popu-
lation growth in variable ways. In line with these results, Tapia et al.45 – who

45Tapia, Díez-Minguela and Martinez-Galarraga, ‘Tracing the evolution of agglomeration economies’;
Salvia, Salvati and Quaranta, ‘Beyond the transition’.
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examined district population in Spain between 1860 and 1991 – observed a path-
dependent population growth between 1910 and 1970, which was abruptly inter-
rupted by the Civil War and the subsequent autarkic period. As in Greece, the degree
of path dependency decreased from the 1970s. A comparable finding was observed in
southern Italy. This study outlined the role of agglomeration economies in a period of
intense path dependency (between the early 1950s and the early 1980s) and illus-
trated congestion externalities and a subtle process of peri-urbanization that inten-
sified in recent decades. This process caused latent changes in population distribution
across metropolitan regions that intrinsically reduced path dependency.

Accentuating the divide between high-density and low-density areas, sequential
waves of settlement concentration and de-concentration were considered to be a
manifestation of path-dependent population dynamics. These findings corroborate
the idea that a path-dependent regulation of population growth is intrinsically (and
negatively) associated with exogenous social dynamics. It explains the double effect of
economic downturns as influencing positively (expansion) or negatively (recession)
the degree of path dependence. Metropolitan populations experienced a transition
toward low fertility, ageing and steady immigration, which paralleled socio-economic
trends at regional and broader scales. Economic activities were in turn distributed
heterogeneously over space, reflecting a local-scale polarization into dynamic and
disadvantaged districts that were increasingly decoupled from the spatial distribution
of agglomeration economies and wealth. The distance from central districts – a proxy
of housing and infrastructure vintage inAthens –was tested as an alternative factor of
urban growth. While explaining population growth effectively in the decades imme-
diately afterWorldWar II, its explanatory power has reduced over time, evidencing a
progressive weakening of the Athens mono-centric model.

Taken together, the results of our study document how spatially explicit models
may appropriately characterize the individual, path-dependent development of
Mediterranean cities. While identifying specific urban regimes, the empirical results
outline the intrinsic characteristics of urban regions and the relationship between
settlement density, metropolitan structure, economic dynamics and population
growth across time and space. Such relationships were found to be more intense in
demographically dynamic regions. Assuming that space is a factor promoting
patterns of local development based on path dependence, a comparative analysis
of population trends across metropolitan regions emphasizes the socio-economic
complexity of different European contexts and the importance of a diachronic
investigation of demographic processes associated with economic growth and social
change in cities.

Path-dependent regulation of population dynamics has thus been demonstrated
to be an important dimension of urban growth under heterogeneous socio-economic
conditions. From this perspective, our study provides a novel approach to regional
science, re-contextualizing metropolitan cycles within a more general debate on
path-dependent urban growth. Results of this study should stimulate a comparative
investigation of population dynamics aimed at identifying spatial regimes of urban
growth under variable socio-economic conditions and heterogeneous local contexts.
However, while our findings are consistent with a (time-varying) path-dependent
development process, our county-level secondary-data analysis is removed from past
and actual community decisions (e.g. planning, policy) and local histories in order to
elucidate fully the intrinsic (e.g. lock-in) dynamics that differentiate the development
paths of urban, suburban and rural communities within the same metropolitan
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region. Future research may combine secondary-data analysis, such as we have
proposed here, with in-depth case-studies and archival surveys that examine the
political economy, geography and history of public and private decisions. The quality
and readability of official statistics (mainly census figures) over long intervals deserve
further investigation.

Conclusions
Metropolitan expansion in advanced countries is the result of inherent transforma-
tions in settlement forms and socio-economic functions. A spatially explicit frame-
work comparing the results of global and local regressions was adopted to evaluate
the impact of different (economic and non-economic) drivers of urban expansion on
path-dependent population growth as a key dimension of urban development along a
complete metropolitan cycle (1920–2021) in Athens. In contrast to other aspects of
urban expansion, path-dependent regulation of population growth was particularly
intense at the end of urbanization and during early suburbanization, declining in the
subsequent decades and becoming negligible in recent years. In a context of changing
relationships among relevant economic actors, our analysis has shown that the spatial
structure of population growth rates characterizes (and, possibly, anticipates)
regional development processes, reflecting both the intensity and direction of
path-dependent urban expansion.
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OLS SAR SEM GWR OLS SAR SEM GWR OLS SAR SEM GWR OLS SAR SEM GWR

1940-51 1951-61 1961-71 1971-81

Gro –0.0759 –0.0768 –0.0470 –0.106 –0.164* –0.190** –0.171** –0.197 0.519*** 0.362*** 0.447*** 0.306 0.219*** 0.207** 0.232*** 0.127
(0.0966) (0.0943) (0.0870) (0.009) (0.0857) (0.0812) (0.0790) (0.023) (0.0976) (0.0934) (0.0925) (0.253) (0.0832) (0.0804) (0.0733) (0.013)

Den 0.401 0.394 0.565** 0.259 0.533* 0.0246 0.392 0.222 0.678** 0.219 0.554* –0.066 0.924*** 0.956*** 0.983*** 1.000
(0.315) (0.355) (0.264) (0.076) (0.320) (0.333) (0.306) (0.017) (0.329) (0.310) (0.315) (0.339) (0.340) (0.328) (0.310) (0.021)

Siz –0.678** –0.672** –0.775*** –0.573 –0.878*** –0.557** –0.806*** –0.733 –0.541* –0.324 –0.519* –0.234 –1.228*** –1.093*** –1.297*** –1.319
(0.327) (0.342) (0.279) (0.013) (0.281) (0.280) (0.265) (0.251) (0.288) (0.261) (0.268) (0.032) (0.272) (0.270) (0.248) (0.010)

Rai 0.135 0.135 0.124 0.169 0.0391 0.0412 0.0481 0.044 –0.00119 –0.0376 –0.0110 –0.059 0.0908 0.0491 0.0931 0.111
(0.102) (0.0966) (0.0924) (0.021) (0.0905) (0.0854) (0.0842) (0.013) (0.0944) (0.0847) (0.0862) (0.025) (0.0990) (0.0975) (0.0925) (0.013)

Pat 0.002 0.00319 –0.0303 0.047 0.0387 0.136 0.0680 0.023 –0.364** –0.285* –0.343** –0.166 –0.263 –0.234 –0.278* –0.326
(0.194) (0.186) (0.177) (0.021) (0.168) (0.161) (0.156) (0.017) (0.166) (0.149) (0.152) –0.084 (0.164) (0.158) (0.154) (0.109)

Ele 0.0592 0.0571 0.125 –0.071 0.0385 –0.0963 0.0291 –0.11 0.102 –0.0312 0.0923 –0.061 0.199* 0.126 0.229** 0.254
(0.135) (0.139) (0.113) (0.026) (0.118) (0.118) (0.114) (0.019) (0.117) (0.108) (0.113) 0.010 (0.118) (0.119) (0.107) (0.029)

Sea 0.0783 0.0784 0.0905 0.075 –0.0669 –0.0431 –0.0755 –0.144 0.0326 0.00615 –0.00241 –0.117 0.285*** 0.315*** 0.268*** 0.271
(0.113) (0.107) (0.0979) (0.007) (0.0990) (0.0937) (0.0934) (0.022) (0.0979) (0.0877) (0.0920) (0.013) (0.0940) (0.0918) (0.0858) (0.124)

Sqi 0.226** 0.225** 0.239*** 0.254 0.181** 0.150* 0.169* 0.141 –0.0184 –0.0207 –0.0246 –0.02 0.0160 0.0422 0.0179 0.028
(0.0964) (0.102) (0.0685) (0.018) (0.0874) (0.0830) (0.0865) (0.010) (0.0869) (0.0776) (0.0871) (0.019) (0.0848) (0.0827) (0.0709) (0.025)

Cqi 0.111 0.109 0.102 0.066 0.299*** 0.104 0.286*** 0.215 0.163* 0.0178 0.161* 0.197 0.0200 –0.00838 0.0397 –0.001
(0.105) (0.108) (0.0755) (0.019) (0.0918) (0.102) (0.0915) (0.162) (0.0957) (0.0909) (0.0971) (0.222) (0.0940) (0.0916) (0.0788) (0.009)

Poo –0.00186 –0.000846 –0.0114 –0.045 0.112 0.149* 0.125 0.132 –0.108 0.0456 –0.0772 –0.032 –0.148* 0.0186 –0.167** –0.095
(0.103) (0.101) (0.0692) (0.012) (0.0895) (0.0850) (0.0938) –0.081 (0.0904) (0.0871) (0.101) (0.157) (0.0868) (0.116) (0.0666) (0.039)

Hea 0.0339 0.0340 0.0253 0.069 0.0745 0.0731 0.0789 0.137 –0.0300 –0.0239 –0.0206 0.042 0.0329 0.0270 0.0339 0.052
(0.101) (0.0956) (0.0958) (0.004) (0.0865) (0.0816) (0.0800) (0.004) (0.0885) (0.0791) (0.0807) (0.003) (0.0895) (0.0862) (0.0847) (0.007)

[W] / 0.0585 –1.545 3.323*** 1.516*** 3.353*** 0.992*** 1.806** –0.945
e[W] (1.497) (1.407) (0.921) (0.373) (0.714) (0.00487) (0.882) (1.272)
Const 0 –0.00379 0.000545 0.050 0 –0.269** –0.0904 0.247 0 –0.313*** –11.58 –0 0.00962 0.00391 0.133

(0.089) (0.128) (0.024) (0.024) (0.0781) (0.105) (0.203) (0.106) (0.0774) (0.0959) (19.10) (0.0751) (0.0725) (0.0294) (0.011)
Adj-R2 0.178 0.179 0.172 0.215 0.367 0.270 0.361 0.561 0.378 0.268 0.367 0.648 0.414 0.429 0.412 0.505
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(Continued)

OLS SAR SEM GWR OLS SAR SEM GWR OLS SAR SEM GWR OLS SAR SEM GWR

1981-91 1991-2001 2001-11 2011-21

Gro 0.278*** 0.248*** 0.268*** 0.331 0.247*** 0.199** 0.233*** 0.153 0.411*** 0.311*** 0.407*** 0.419 0.149 0.139 0.0877 0.484
(0.0847) (0.0820) (0.0796) (0.134) (0.0914) (0.0876) (0.0867) (0.013) (0.112) (0.114) (0.106) (0.255) (0.0971) (0.0925) (0.0881) (0.389)

Den 0.361 0.407 0.302 –0.144 0.294 0.366 0.250 –0.529 0.174 0.0501 0.165 0.164 0.423 0.467 0.309 0.568
(0.331) (0.317) (0.314) (0.201) (0.316) (0.297) (0.299) (0.028) (0.362) (0.354) (0.342) (0.024) (0.357) (0.343) (0.332) (0.065)

Siz –0.748*** –0.644** –0.719*** –0.335 –0.568** –0.447* –0.530** –0.006 –0.0820 0.0648 –0.0804 –0.199 –0.0782 –0.0807 0.00547 –0.061
(0.283) (0.274) (0.267) (0.089) (0.268) (0.255) (0.253) (0.179) (0.303) (0.298) (0.286) (0.265) (0.284) (0.264) (0.268) (0.135)

Rai –0.0519 –0.0648 –0.0439 –0.061 –0.128 –0.114 –0.128 –0.118 –0.0146 0.00976 –0.0148 0.003 –0.00994 0.00132 0.00939 0.053
(0.0924) (0.0883) (0.0873) (0.002) (0.0899) (0.0843) (0.0850) (0.003) (0.101) (0.0987) (0.0958) (0.004) (0.106) (0.101) (0.0984) (0.104)

Pat –0.186 –0.148 –0.167 –0.061 –0.273* –0.227 –0.257* 0.04 –0.141 –0.0668 –0.138 –0.193 –0.295 –0.294 –0.250 –0.24
(0.153) (0.147) (0.143) (0.012) (0.152) (0.143) (0.143) (0.008) (0.189) (0.186) (0.179) (0.019) (0.196) (0.182) (0.186) (0.244)

Ele 0.223** 0.158 0.204* 0.136 0.0608 0.00479 0.0507 0.059 0.0566 –0.0765 0.0539 0.039 0.111 0.116 0.0436 0.089
(0.111) (0.110) (0.106) (0.020) (0.112) (0.107) (0.106) (0.068) (0.128) (0.132) (0.121) (0.039) (0.135) (0.126) (0.118) (0.014)

Sea –0.0265 –0.0162 –0.0452 –0.127 0.0912 0.0878 0.0880 –0.005 –0.109 –0.103 –0.112 –0.116 –0.169 –0.188* –0.197* –0.167
(0.0894) (0.0853) (0.0848) (0.128) (0.0874) (0.0817) (0.0828) (0.210) (0.108) (0.105) (0.103) (0.024) (0.113) (0.112) (0.104) (0.017)

Sqi –0.128 –0.0871 –0.127* –0.137 –0.184** –0.133* –0.186** –0.198 –0.119 –0.0546 –0.120 –0.095 0.0615 0.0751 0.0809 0.255
(0.0780) (0.0770) (0.0762) (0.019) (0.0818) (0.0792) (0.0790) (0.189) (0.0950) (0.0949) (0.0906) (0.013) (0.0996) (0.0964) (0.0829) (0.177)

Cqi 0.163* 0.141* 0.168** 0.11 –0.0177 –0.00844 –0.0142 0.031 0.144 0.0780 0.143 0.082 0.0175 0.0298 0.0152 0.009
(0.0857) (0.0824) (0.0841) (0.038) (0.0858) (0.0803) (0.0839) (0.026) (0.104) (0.104) (0.0996) (0.042) (0.109) (0.104) (0.0895) (0.007)

Poo –0.00858 0.0714 0.00370 –0.004 –0.129 –0.0420 –0.137* –0.116 –0.126 0.0317 –0.123 –0.029 –0.181* –0.227* –0.184** –0.134
(0.0820) (0.0875) (0.0835) (0.006) (0.0807) (0.0832) (0.0816) (0.008) (0.0984) (0.110) (0.0948) (0.021) (0.103) (0.132) (0.0786) (0.012)

Hea 0.0668 0.0537 0.0647 0.044 0.0969 0.0676 0.0913 0.035 –0.00485 –0.0330 –0.00500 0 –0.0267 –0.0264 –0.0302 –0.036
(0.0818) (0.0782) (0.0766) –0.041 (0.0796) (0.0754) (0.0748) (0.007) (0.0938) (0.0915) (0.0885) (0.011) (0.0988) (0.0918) (0.0936) (0.007)

[W] / 1.208** 1.031 1.408** 1.193 2.467*** 0.700 –1.014 –1.917
e[W] (0.596) (0.868) (0.563) (1.106) (0.857) (0.927) (2.001) (2.126)
Const 0 0.0654 –0.0113 –0.014 –0 0.0988 –0.00928 –0.05 –0 –0.0259 –0.00204 0.257 0 0.0628 9.73e-05 –0.044

(0.0688) (0.0731) (0.128) (0.009) (0.0694) (0.0760) (0.106) (0.014) (0.0847) (0.0827) (0.0898) (0.022) (0.0889) (0.149) (0.0359) (0.010)
Adj-R2 0.508 0.480 0.507 0.759 0.499 0.511 0.499 0.729 0.255 0.117 0.255 0.59 0.178 0.185 0.171 0.643
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