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Abstract: Metropolitan growth in Europe has resulted in drastic changes of urban forms, socio-spatial
structures and land-use patterns due to sequential processes of urbanization, suburbanization and
re-urbanization. To assess latent shifts from mono-centric models towards more disarticulated and
decentralized settlement configurations, the present study evaluates spatio-temporal patterns of
growth between the 1920s and the 2010s in three Mediterranean cities with different structure and
functions (Barcelona: compact and moderately polycentric; Rome: dispersed, medium-density;
Athens: mono-centric, hyper-compact). To identify and characterize long-term urban transformations,
an original approach was illustrated in this study, based on a multivariate analysis of 13 indicators
resulting from descriptive statistics and linear regression modeling the relationship between
population density and distance from inner cities. The empirical results of this study indicate
that Barcelona, Rome and Athens have experienced different urbanization cycles, characterized by a
(more or less) concentrated distribution of population along urban gradients. Despite similarities
in demographic dynamics and planning practices, these processes have determined (i) a mostly
centralized growth in Barcelona, (ii) a relatively dispersed and discontinuous spatial structure in
Rome, and (iii) a steep decline of population density with the distance from downtown Athens.
Compact urban expansion, population decline and urban de-concentration were finally assessed
using the analytical approach proposed in this study.

Keywords: urban growth; density-distance curve; indicators; Mediterranean Europe

1. Introduction

Metropolitan regions worldwide have undergone a progressive transition from urban densification
to spatial configurations characterized by settlement scattering around inner cities [1–3]. Besides the
rising housing demand caused by internal and international immigration, evolving economic functions
and social structures have driven the release of peripheral land for urban development outside
cities [4–6]. Impacts of settlement scattering go beyond the respective urban boundaries, reducing a
regional system’s resilience to external shocks and the overall response to multi-level developmental
policy [7–9]. Exurban development is defined a discontinuous, low-density expansion into fringe land,
emphasizing dependency on private mobility, soil consumption, and depolarized economic structures.
This development path was common in the United States, and was observed more recently in the
European continent [10–12], where sparse residential, commercial and service settlements characterize
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peri-urban landscapes [13]. Metropolitan areas in Europe have undergone changes in both structure
and functions reflecting sequential cycles of compact and dispersed urbanization [14–16].

The inherent differences in urbanization patterns and processes across countries make the
identification of spatio-temporal dynamics of urban change progressively more difficult when
considering the effects and consequences of exurban development [17–20]. Based on the intrinsic nature
of societies and economic systems, recent transformations from mono-centric to polycentric structures
have attracted rising attention among the social sciences [21–24]. The identification of mono-centric and
polycentric patterns of growth has benefited from a broad range of approaches derived from different
disciplines [5,25–27]. Being an explicit target of the European Spatial Development Perspective [28],
polycentrism in Europe has influenced forms of human settlements and socio-spatial structures altering
the short- and medium-term dynamics of economic activity [29–32].

Until the early 1990s, large metropolitan areas in Mediterranean Europe have been frequently
considered as regions with structurally compact urban forms and functionally monocentric spatial
organizations [33–35]. Leontidou [36] highlighted similarities in the individual trajectories of urban
growth, leading to convergent socio-spatial profiles and homogeneous economic structures [37].
Population expansion fuelled by internal and international immigration, a more consolidated urban
tradition, rising class segregation, real estate speculation, planning deregulation and restricted
participation to public decisions on land use, have been identified as key dimensions associated
with settlement densification and population concentration in southern Europe [38–41]. Based on
these findings, large Mediterranean cities have usually been grouped into a homogeneous class of
cities distinct from (i) the ‘affluent city’ prototypes of the United States and of north-western/central
Europe; (ii) the centralized urban system typical of eastern Europe; and (iii) the rapidly-growing
agglomerations of emerging countries [42–45].

Exurban development has become a widespread pattern of growth in Mediterranean
Europe [1,17,46–51]. In this region, recent studies have demonstrated that some cities are progressively
shifting towards polycentrism associated with less compact forms of settlement leading to scattered
urban growth [52–54]. Exurban development was both a cause and consequence of social polarization,
inherent transformations of regional economic structures, infrastructure expansion, rising volatility
in amenity-driven and tourism-related real estate markets [31,55,56]. Leapfrogging development
further away from fringe land, ribbon sprawl along highways, sparse residential settlements in rural
areas, are forms of exurban development typically observed in Mediterranean Europe [7]. Given the
implications of discontinuous urbanization patterns and processes in regional sustainability and
socioeconomic resilience, recent studies have focused on the intimate relationship between spatial
configurations and specific background conditions, including planning, economic performance and
social issues [57–59]. Such approaches may benefit from a comparative analysis of long-term urban
trajectories, considering together the outcomes of sequential phases of urbanization, suburbanization
and re-urbanization. In this regard, new approaches identifying morphological and/or functional
specificities in urban development paths from local-scale and/or regional-scale analysis are
particularly welcome.

The present study contributes to this issue by verifying if a convergent (or divergent) path of
urban development was occurring in representative cities of southern Europe. A long-term analysis
(1920–2010) of changes in the spatial distribution of population density along urban gradients was
run for three Mediterranean cities (Barcelona, Spain; Rome, Italy; Athens, Greece) using the results of
descriptive statistics and regression models with the aim to derive indicators of metropolitan growth
whose variation over time was investigated by way of multivariate techniques. Our study implements
and enriches the logical framework presented in Couch et al. [7], proposing 13 original indicators of
urban growth from an integrated, local-scale analysis of the relationship between population density
and the distance from the inner city based on descriptive statistics and regression models.The indicators
adopted in this study were selected to quantify population concentration (or dispersion) and to assess
territorial transformations underlying distinctive forms of urban expansion (compact, dense, branched,
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dispersed, multi-centric). The long time period analyzed in this study covers a large part of the
last century, encompassing a complete urbanization cycle representative of different socioeconomic
contexts in southern Europe. According to Salvati et al. [60], processes of urban expansion in Barcelona,
Rome and Athens are considered illustrative of multiple and distinctive socioeconomic dynamics,
typically characterizing hyper-compact, mono-centric models (such as Athens), medium-density and
discontinuous configurations (such as in Rome), and moderately polycentric and dense metropolitan
organizations (such as in Barcelona).

2. Methodology

2.1. Theoretical Framework

Integrating morphological and functional issues, a permanent assessment of exurban development
presents inherent difficulties and needs a better integration of theoretical assumptions and empirical
findings [61]. While exurban development was frequently defined as an increasingly articulated spatial
process, simple indicators and, more rarely, multi-domain indexes have been proposed to measure
urban expansion at different spatial scales [62], from local (i.e., neighborhoods and urban districts)
to regional (e.g., metropolitan regions) levels. Couch et al. [7] proposed a simplified methodology
assessing urbanization patterns and processes, under the assumption that centralized urban growth
occurs when the population living in urban conurbations increases, while a more diffused urban
expansion occurs when the percentage of the population living in inner cities declines relative to the
total population resident in the conurbation [63].

Reflecting agglomeration factors, centralized urban growth and exurban development have been
studied using an ideal-typical model with population density showing a (more or less) negative slope
as we move away from central cities [64,65]. According to Salvati et al. [63], changes in population
density at different distances from the inner city reflect—and are distorted by—a variety of territorial
factors [66–68]. Couch et al. [7] argue that density gradients become progressively less steep in cases
of exurban development. Nevertheless, the inherent spatial variability of sprawl’s outcomes across
Europe outlines the importance of place-specific and regional-based socioeconomic forces shaping
urban expansion [69]. Changes over time in population density along relevant geographical gradients
remain a common indicator of urban growth and metropolitan scattering, and was only occasionally
integrated with quantitative information assessing settlement distribution, urban form and business
concentration [29,70,71].

Analysis of changes in density gradients contributes to distinguish settlement densification
from scattering [63]. Under the assumption that different patterns and processes of urban growth
determine specific changes in the steepness of the density gradient, metropolitan regions may
evolve through sequential phases of ‘compact growth’ and ‘sprawl’, whose assessment requires
conceptually articulated and spatially explicit approaches, grounded on the use of multidimensional
techniques [10,11,72]. By comparing a multi-domain set of indicators derived from descriptive statistics
and a regression model’s outcomes, the methodology proposed in this study is specifically oriented to
distinguish the characteristic ‘footprint’ of any process of urban growth, overcoming limitations of
more traditional, linear and non-linear approaches.

2.2. The Study Area

The three investigated areas cover the metropolitan regions of Barcelona (Spain), Rome (Italy)
and Athens (Greece) which represent—together with Istanbul, Marseille and Naples—the largest
cities in coastal Mediterranean Europe. A sufficiently large area surrounding each city was selected
as a reference spatial domain when defining long-term changes in population distribution. Each
spatial domain was chosen by aggregating local districts (i.e., municipalities) with administrative
boundaries as stable as possible within the study period [63]. We considered administrative boundaries
instead of other territorial classifications with the objective of analyzing comparatively changes in
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population density for the whole study period. The administrative boundaries selected in this study
correspond to the NUTS-3 and NUTS-5 levels of the nomenclature adopted by the European Territorial
Statistics (prefecture/province and municipal levels). Technical details and maps illustrating the study
areas were provided in Salvati et al. [63]. The study period covers a large part of the last century
characterized by a complex urban cycle with sequential demographic waves that reflect distinct
expansion models: (i) compact development of inner cities; (ii) high-density settlement growth on
fringe land; (iii) medium-density expansion of the areas surrounding the core city and re-densification
of urban voids; and (iv) discontinuous and low-density expansion of peri-urban areas [16].

The province of Barcelona includes Barcelona’s metropolitan area (defined according to the Law
No. 31/2010) and encompasses a total of 311 municipalities extending to 7725 km2 of Spanish land.
Although built-up areas occupy an important (and increasing) part of the region, the majority of the
province’s area still consists of semi-natural and natural land-cover types [17]. The economic structure
of the region is characterized by service activities with high value added. Barcelona maintains an
important industrial base specialized in metallurgical, chemical and pharmaceutical sectors [43].

Rome’s province (now entitled as the ‘metropolitan area of Rome’ on the basis of the nomenclature
enforced in law in 2009) extends to 5355 km2 of land and administers a total of 121 municipalities
covering a heterogeneous territory, with mixed impervious and semi-natural areas contrasting the
compact historical centre of Rome, where the most important economic functions are located [73].
Traditionally, the city provides services related to the public administration and thrives on retail trade
and tourism thanks to its invaluable cultural heritage. Interestingly, Rome has never been an industrial
city, except for the presence of small-sized enterprises and the recent development of a few spaces for
high-tech industry [16].

Athens’ region extends to nearly 3000 km2 of land in mainland Greece administered by
114 municipalities (following the official definition provided by the ‘Kapodistrias’ act of local
administrations). The region mostly consists of mountains bordering the urban conurbation of Athens
that occupies a relatively flat area. Athens’ economy is largely oriented around sectors such as finance,
banking, insurance and real estate. The main economic activities are located in the municipalities of
Athens and Piraeus [59]. The 2004 Olympic Games had a major impact on the development of the city
in terms of investment and infrastructure [9,49,74].

2.3. Statistical Data

All data used in this study were obtained from the National Census of Population and Households
carried out approximately every 10 years along the investigated time period (1920–2011) in Barcelona,
Rome and Athens by the respective National Statistical Authorities (Istituto Nacional de Estadistica:
INE in Spain, Istituto Nazionale di Statistica: Istat in Italy and National Statistical Service of Greece:
ELSTAT). The investigated years were 1920 (or 1921), 1950 (or 1951), 1960 (or 1961), 1970 (or 1971),
1980 (or 1981), 1990 (or 1991), 2000 (or 2001) and 2010 (or 2011) due to a slightly different census timing
in the three countries.

2.4. Analysis of Spatial Unit

Administrative boundaries of municipalities and local communities have been used largely as
elementary units in the analysis of landscape, land-use, population and socioeconomic transformations
in both urban and suburban areas [29,70,75]. Despite criticism about their relevance as geographical
domains suitable to identify homogeneous demographic dynamics, administrative domains allow
a rather detailed analysis of change in population density for long study periods because of the
high availability of census data over time [50]. Long-term population data at municipal scale allows
cross-country and within-region reliable comparisons, and full integration with external data sources
producing socioeconomic information relevant to urban studies and interpretable by policy-makers,
planners and non-technical users. In this regard, municipalities are the local authorities defining
land zoning, building volume, settlement size and shape as well as land taxation regime [49,76,77],
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and represent a relevant domain for spatial planning [72]. Based on these premises, municipalities were
considered the elementary analysis’ domain in the three countries. Because of the exceptional
dimension of Rome’s municipality, this area was subdivided into 115 districts reflecting (i) the historical
inner city (22 districts); (ii) consolidated urban districts (35) around the Aurelian Wall (constructed
by the ancient Romans); (iii) traditional suburbs developed in the aftermath of World War II (6);
and (iv) the remaining areas (mixed urban settlements and cropland) more recently developed around
the external ring road (52).

2.5. Data and Variables

Population density was derived from elementary data of resident population aggregated at
municipal scale and collected in the framework of the General Census of Population carried out in
each country by representative statistical authorities once for decade, from the early 1920s to the early
2010s. Data were analyzed consistently for Barcelona, Rome and Athens with the aim to explore
changes over time in the spatial distribution of resident population across each metropolitan region.
The average distance of each elementary domain (i.e., municipality) to a central place in each city
(i.e., Placa de Catalunya in Barcelona, Piazza Barberini in Rome and Platia Syndagmatos in Athens)
was calculated using the municipal centroid by computation with the ArcGIS ‘Spatial Analyst’ tool
(ESRI, Inc., Redwoods, CA, USA). Central places were selected as close as possible to the main tourism
attractions, thus representing the economic and social ‘heart’ of each city.

2.6. Statistical Analysis

A three-step analytical framework was implemented in this study with the final objective to
identify similarities and differences in the long-term expansion of three urban models in southern
Europe (Barcelona: compact, polycentric, Rome: dense and dispersed, Athens: hyper-compact and
mono-centric). The framework introduces original indicators derived from the outcomes of descriptive
statistics and regression analysis with the aim of assessing multiple aspects of urban expansion.
Metropolitan transformations were finally assessed through a multivariate analysis depicting long-term
trajectories of growth and change in each city. Statistical analysis was run using STATISTICA (release 7)
and PAST (release 1) softwares.

2.7. Descriptive Statistics

Population density was taken as a key variable widely in the analysis of urban development and
settlement encroachment [29,70]. A descriptive analysis of population data based on descriptive metrics
was carried out to investigate the progressive expansion of the three metropolitan regions considered
in the present study. According to Salvati et al. [60], metrics adopted here quantify concentration
(or dispersion) of regional population and human settlements towards progressive scattering driven
by residential suburbanization and de-localization of economic activities in sub-central locations.
These metrics elaborate a municipal-scale series of demographic data for each census year and
metropolitan region by computing 9 measures of central tendency, dispersion, skewness and
deviation from normality in the spatial distribution of population density (inhabitants per km2).
Measures include the following metrics: (i) arithmetic average (hereafter ‘Avg’); (ii) ratio of median
density to average density (‘Med’); (iii) harmonic mean (‘Har’); (iv) coefficient of variation (‘CVm’);
(v–vi) 25th and 75th percentile of the statistical distribution of population density across municipalities
in each study area; (vii) kurtosis (‘Kur’); (viii) skewness (‘Asy’); and (ix) ratio of the absolute range
(max–mix) of population density across municipalities to the mean population density (‘Nor’).

2.8. Regression Analysis

Spatial variability in demographic density along urban gradients was considered a proxy of
long-term metropolitan expansion. As proposed in earlier studies [63], a regression model was run
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to clarify the relationship between population density and the distance from a central city in each
metropolitan region [70] according to the linear form:

log(Y) = α + β log(X) + e (1)

where Y is population density (inhabitants/km2), X is the distance from downtown (km), α and
β are the regression coefficients (respectively intercept and slope), and e is the regression error.
Regressions were estimated separately for each time point, using adjusted R2 as a measure of the
model’s goodness of fit. Statistical significance of regression coefficients (based on computation of
a t-statistic testing for significant coefficients at p < 0.001) was considered an additional criterion for
a model’s selection. According to Salvati et al. [63], a descriptive analysis of change over time in
regression coefficients allows profiling individual paths of long-term urban development. Under the
hypothesis that increasing values of intercept coupled with stable or decreasing values of slope
indicate ‘compact and dense growth’, Couch et al. [7] discriminated different urbanization waves
over a sufficiently long time interval. The same rationale was applied to the three case studies to
clarify the spatial dynamics of population density along the urban gradient in Barcelona, Rome and
Athens. Stable or declining α coefficients coupled with increasing β coefficients indicate ‘exurban
development’. In these regards, 4 metrics were derived from the regression’s results, separately for
each census year and metropolitan region: (x) adjusted R2 (‘aR2’) (xi) regression intercept (‘Int’), (xii)
regression slope (‘Slo’) and (xiii) Durbin–Watson test of serial autocorrelation (‘DWt’).

2.9. Indicators of Urban Growth

The 13 measures illustrated in Sections 2.7 and 2.8 (9 and 4 derived, respectively, from descriptive
statistics and regression models) were adopted as indicators of long-term urban growth at the
metropolitan scale separately for the three cities under investigation. Diachronic indicators derived
from a statistical analysis of secondary data are particularly effective when examining latent patterns
and processes of urban expansion over a sufficiently long time horizon [60]. Indicators from
(i) to (ix) are aimed at assessing concentration (or dispersion) of resident population in response to a
progressive scattering of human settlements driven by suburbanization processes and de-localization
of economic activities in sub-central locations [45]. Indicators from (x) to (xiii) provide a comprehensive
investigation of the spatial variability in population density along urban gradients, considered a proxy
of long-term metropolitan expansion [63].

2.10. Principal Component Analysis

A principal component analysis (PCA) was run on a data matrix composed of the values of the
13 indicators mentioned above (9 and 4 indicators, respectively, derived from descriptive statistics
and regression analysis, see Section 2.9) calculated for each of the 8 time points investigated in this
study from the early 1920s to the early 2010s. Results of the PCA contribute to outline (apparent and
latent) changes over time in the spatial distribution of resident population as a base to understand
long-term metropolitan transformations from a restricted number of (unobservable) components
(more or less) associated to the input variables [63]. Components with eigenvalue > 1 were selected
and analyzed using both loadings (evaluating the correlation between each variable and component)
and scores (estimating the contribution of each time point (years) to individual components satisfying
the eigenvalue’s threshold). Plots aggregating component loadings and scores on the same factorial
plane (i.e., biplot) were analyzed separately for each metropolitan region in order to identify similarities
and differences in long-term urban expansion [78]. A line has been designed to connect the points that
represent the location of the different years studied in the factorial plane.
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3. Results

Table 1 reports the outcomes of the regression models carried out separately for each city and year.
For all cities, models’ goodness of fit increased substantially over time. For Barcelona, the adjusted
R2 of model regressions increased continuously from 0.24 (1920) to 0.51 (2010) with a Durbin–Watson
test close to 2 over the entire time period, indicating the absence of serial correlation in the time series.
Regression intercept increased progressively from 3.39 (1920) to 6.19 (2010), outlining rapid, centralized
and spatially-homogeneous urban growth. Regression slope decreased at a similar pace from −1.02
(1920) to −2.54 (2010), indicating a progressive strengthening of the population density gap along
Barcelona’s metropolitan gradient.

Table 1. Regression models (log-log) for each city with population density as dependent variable and
the distance from the respective inner city as predictor by year.

Year Intercept Slope Adj-R2 D-W Test

Barcelona

1920 3.39(0.17) −1.02(0.10) 0.24 2.03
1950 3.87(0.18) −1.29(0.11) 0.30 2.01
1960 4.28(0.20) −1.52(0.12) 0.33 2.02
1970 5.05(0.22) −1.98(0.14) 0.40 2.05
1980 5.54(0.24) −2.27(0.15) 0.43 2.01
1990 5.78(0.24) −2.40(0.15) 0.47 1.98
2000 6.02(0.23) −2.49(0.14) 0.50 1.99
2010 6.19(0.23) −2.54(0.14) 0.51 1.99

Rome

1921 2.35(0.10) −1.62(0.08) 0.70 1.10
1951 2.46(0.10) −1.68(0.08) 0.66 0.95
1961 2.57(0.10) −1.69(0.08) 0.67 1.03
1971 2.56(0.11) −1.66(0.08) 0.63 1.14
1981 2.60(0.11) −1.62(0.08) 0.62 1.31
1991 2.58(0.10) −1.56(0.08) 0.61 1.38
2001 2.54(0.10) −1.51(0.08) 0.59 1.42
2011 2.59(0.10) −1.45(0.08) 0.60 1.54

Athens

1920 2.77(0.21) −1.06(0.18) 0.22 1.90
1951 4.51(0.20) −2.03(0.17) 0.55 1.99
1961 5.52(0.16) −2.64(0.14) 0.75 2.03
1971 5.85(0.16) −2.80(0.13) 0.79 2.02
1981 5.92(0.15) −2.72(0.13) 0.79 1.99
1991 5.84(0.14) −2.54(0.12) 0.79 1.85
2001 5.76(0.14) −2.39(0.12) 0.78 1.75
2011 5.76(0.14) −2.36(0.12) 0.77 1.71

Regression coefficients are all significant at p < 0.01.

For Rome, adjusted R2 decreased moderately from 0.7 (1920) to 0.6 (2010) with a Durbin–Watson
test diverging slightly from 2 in the first decades of the time period and approaching 1.5 in the last
decades, indicating a weak serial correlation in the time series. Regression intercept increased up
to 1981 (from 2.35 to 2.6) and decreased moderately in subsequent decades. Regression slope was
relatively stable around −1.6 in the first temporal period reaching a peak (−1.69) in 1961 and becoming
progressively less steep in the subsequent decades up to −1.45 (2011).

For Athens, adjusted R2 increased up to 1991 (0.79) decreasing slightly in 2001 and 2011.
The Durbin–Watson test increased over time approaching 2 in a time period between 1951 and
1981 and decreasing moderately in subsequent decades. The regression intercept increased from
2.77 (1920) to 5.92 (1981) and decreased slowly afterwards (up to 5.76 in 2011). This trend indicates



Sustainability 2018, 10, 2765 8 of 16

moderate urban concentration up to 1981 and a more de-centralized growth in the following three
decades. Regression slope followed the same pattern, reaching a peak in 1971 (−2.8), a time reflecting
the highest population concentration in Athens and Piraeus. Exurban development corresponded to a
progressive lowering of the population density gap along the Athens’ metropolitan gradient.

A principal component analysis was run with the final objective of identifying specific patterns of
growth in the three cities. The first two components were selected for all cities, extracting a different
proportion of variance for Barcelona, Rome and Athens. For Barcelona, a specific pattern of growth
encompassing the time interval between 1920 and 1980 was illustrated along component 1 (76.2%).
The recent phase of urban expansion between 1980 and 2010 was mostly associated to component 2
(16.7%), being independent from variables related to component 1 (Figure 1).Sustainability 2018, 10, x FOR PEER REVIEW  8 of 15 
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Figure 1. Principal component analysis (PCA) exploring variation over time in basic indicators of
urban growth in Barcelona.

Principal components discriminated indicators derived from regression analysis (mostly
associated to component 1) from indicators derived from descriptive statistics (mostly associated
to component 2). More specifically, the regression intercept and the model’s goodness of fit
(adjusted R2) received negative loadings to component 1, being in turn correlated with average
population density; regression slope was positively associated with component 1, together with spatial
variability, asymmetry and kurtosis in population density along the urban gradient (Nor, Asy, Kur).
Component 2 discriminated variables indicating areas with low (or medium-low) population density
(p25)—which increased largely over time due to suburbanization processes—from variables associated
with population density variability (CVm) or indicating non-linear relationships between population
density and distance from inner cities (DWt). Taken together, the graphical inspection of the component
biplot indicates two cycles of urban expansion for Barcelona, the former encompassing a temporal
interval from 1920 to 1970 and the latter extending between 1980 and 2010. The 1970s was classified as
a transitional decade with intermediate characteristics between the two cycles.

Components 1 and 2 identified a specific pattern of growth observed between 1920 and 1961
in Rome (Figure 2). An intermediate phase of growth between 1961 and 1991 was specifically
associated with component 1 (61.4%). The most recent phase of urban expansion between 1991
and 2011 was associated with component 2 (24.8%). The model’s goodness of fit (adjusted-R2),
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average population density and variability over space were negatively associated with component 1.
An indicator assessing areas with moderate/high population density (p75)—progressively decreasing
over time—was associated positively with component 1. Component 2 discriminated indicators of
variability, kurtosis and asymmetry (Nor, Asy, Kur) in the spatial distribution of population density
from indicators assessing (more or less) evident deviations from normality in the same variable.
Taken together, the graphical inspection of component biplot indicates three cycles of urban expansion
for Rome, the first being characterized by a spatially-heterogeneous de-concentration of inner cities
(1920–1961), the second grounded on centralized growth processes (1961–1991), and the third associated
with increasing entropy, fragmentation and spatial heterogeneity in population density at a local scale
(1991–2011).Sustainability 2018, 10, x FOR PEER REVIEW  9 of 15 
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Figure 2. Principal component analysis exploring variation over time in basic indicators of urban
growth in Rome.

Component 1 (79%) illustrated a specific pattern of growth observed between 1920 and 1961
in Athens. A specific turning point corresponding with a transitional urban phase was identified
in the 1960s (Figure 3). The most recent phase of urban expansion covering a relatively long time
period between 1971 and 2011 was associated with component 2 (19.8%). The model’s goodness of fit
(adjusted R2) and regression intercept increased along component 1 characterizing the first urban cycle
described above. A rising population density (Avg), increasing regression slopes (Slo) and a reduced
deviation from normality (Med) characterized the last phase of the Athens’ urban cycle, receiving the
highest loadings to component 2.
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Figure 3. Principal component analysis exploring variation over time in basic indicators of urban
growth in Athens.

4. Discussion

A diachronic analysis of population dynamics along transforming urban gradients may advance
understanding of (more or less) complex processes of metropolitan expansion and the related
socioeconomic change in advanced countries [8,24,39,43,47]. An extensive analysis of the spatial
distribution of population over a sufficiently long time interval also contributes to regional studies
with new indicators identifying urban cycles and profiling distinctive transformations along sequential
waves of metropolitan growth and decline [64,65]. This approach, grounded on a multi-step statistical
analysis and producing original indicators of urban expansion, was specifically applied to three
metropolitan regions in Mediterranean Europe to verify timing of urban growth and when (and to what
extent) compact and dense expansion was being replaced by more scattered models of urban growth [6].
According to the spatial distribution of population density, the analysis has identified a period of dense
urban growth followed by (more or less) moderate population de-concentration over the last century.
Urban complexity reflects multiple demographic phases, informal city expansion and chaotic spatial
planning accompanied by inherent transformations in the socioeconomic structure [17,34,35,56,71].

Taken as an original approach to urban analysis, rapidity of change characterizing distinct
growth waves in the three cities was assessed using the analytical tools proposed in this study [50]
and outline cycles of urbanization–suburbanization with different timing in Barcelona, Rome and
Athens. Compact urban expansion, inner cities’ population decline and urban de-concentration
were effectively characterized over time and space using the approach proposed in this study.
More specifically, the empirical results of this work allowed identification of heterogeneous phases
of urban densification and dispersion encompassing the large part of the last century (1920–1970),
and a more recent tendency toward urban scattering that reflects a (more or less pronounced)
spatial rebalancing across metropolitan regions. Population densities grew in the studied cities
up to late 1970s because of multiple socioeconomic forces acting at both regional and local scales
(e.g., late industrialization, concentration of traditional and more advanced services in central cities,
rural–urban migration, high fertility trends, social housing policies). In that period, concentration
and compactness were the main patterns of growth throughout the Mediterranean region [49].
However, this trend underwent a significant—albeit spatially differentiated—change in the following
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years. According to Salvati et al. [63], urban trajectories over the time lapse 1980–2010 were
dependent on the specific demographic phase (growth, stability, decline) experienced in each region
and the spatial pattern of densification vs. de-population observed at local scale, thus making
assessment of exurban development a place-specific issue in southern Europe. The empirical results
of this study outline diverging growth paths for Barcelona, Rome and Athens, possibly driven by
newly emerging, place-specific factors shaping urban transformations (e.g., the different impact of
mega-events—Olympic Games in Barcelona (1992) and Athens (2004) and 2000 Jubilee in Rome—in
the expansion of the three cities [16]).

In this regard, the outcomes of individual regression models analyzing the population–distance
relationship evidence relevant changes in both regression slopes and intercepts, passing from large
increases to milder increases (or even decreases) first in Rome (since 1981 for both slope and intercept)
and then in Athens (since 1981 for slope, since 1991 for intercept), in contrast with a continuous
trend for both regression coefficients in Barcelona. In the last two decades, distinctive growth paths
outline consolidation of more entropic and spatially-fragmented socioeconomic transformations in
Mediterranean Europe [45]. A progressive de-concentration of population was observed in Athens,
following late suburbanization and settlement sprawl in more remote places, especially observed in
the early- and mid-2000s [59]. A more centralized growth was observed in Barcelona, with population
recovery in inner cities over 2001–2011, after a moderate decline observed in the previous decades [44].
Positioning in-between these two cities, Rome experienced a less linear growth path [16] with a
substantial decline in regression slopes (indicating a less steep urban gradient) and a moderate
reduction of regression intercepts (indicating a more decentralized urban expansion). Results diverging
slightly from this consolidated trend were observed in the last study year (2011).

Intended as a relevant topic in socioeconomic disciplines and spatial planning, urban sprawl
is an example of the uneven transformations of advanced regions that require integrated and
multi-disciplinary land-management strategies [1,79–81]. For instance, sprawl-driven land take has
become central in the European research and policy agenda [13]. Focusing on uneven changes in the
spatial distribution of resident populations, the comparative analysis of indicators developed in this
study are demonstrated to be a useful tool for monitoring sprawl [82]. The main advantage of this
simplified approach is the easy application to variables assessing multiple domains of investigation
(population, employment, business density, land use). According to Salvati et al. [63], a comparative
analysis of exurban development in representative cities of southern Europe based on mixed regression
and multivariate exploratory approaches revealed the multifaceted dimensions of urban sprawl,
being intimately connected with sequential urban waves mixing development of new intermediate
(and low-) density settlements and self-contained development of newly built-up areas [2,31,33].
In these regards, a complex stratification of immediate and underlying factors was demonstrated
to be the ultimate driver of exurban development, influencing population density gradients and
the vertical profile of cities [66]. Based on the results of this study, a urban containment strategy
promoting medium-density, semi-compact and moderately centralized growth seems to be effective
against sprawl, reconciling the functional outcomes of different urban cycles and the underlying
socioeconomic context [58,76,77,83]. The most recent crisis has indirectly contributed to urban
containment, depressing building activity [59] and re-directing metropolitan expansion toward more
compact and land-saving settlements in already urbanized areas [57].

While describing past and present trends in urban expansion at both local and regional scale,
identification of specific paths of metropolitan development over a sufficiently long time interval
contributes to infer latent characteristics of future development [84]. By adopting a comparative
approach applied to cities with different socioeconomic traits and territorial aspects [85], the logical
framework presented in this study sheds more light also on the spatial uncertainty and temporal
volatility of metropolitan growth. With this approach, the importance of land availability and other
factors containing metropolitan expansion (green belts, protected areas, land property and tenure)
can be better investigated when determining long-term urban trajectories using spatially-explicit
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approaches. For instance, Geographically Weighted Regression may satisfactorily contribute to this
analysis’ issue [86], controlling for non-stationary population density over space and better linking
distance from inner cities to both urban form and socioeconomic structures [87]. Such approaches
are also suitable to compare the statistical performance and knowledge content of spatially-implicit
indicators related to population density—as the indicators proposed in this study—and spatially-explicit
indicators of landscape fragmentation [88] in relation to urban land-use [89]. Approaches specifically
referring to fractal analysis [90] or simulation models extensively used in quantitative investigation of
present and future urban growth based on e.g., cellular automata [91] are particularly suitable in this
direction of study. A comparison of the outcomes of such methodologies with the specific approach
illustrated in this study deserves further investigation.

5. Conclusions

The original contribution of this study was to derive new indicators of urban growth from
the results of statistical models analyzing the relationship between population density and the
distance from the inner city. By highlighting the complex interplay between population dynamics
and metropolitan spatial structure in three Mediterranean cities, our study contributes to analysis of
long-term urban transformations profiling morphological/functional traits and identifying individual
trajectories of growth at the same time. The outcomes of this study represent a relevant knowledge base
informing spatial planning and promoting urban strategies rethinking contemporary urbanization,
rebalancing objectives of economic competitiveness and socio-ecological sustainability toward more
inclusive and land-saving cities [92–94].

Especially in metropolitan regions with an evident urban gradient, it is suggested that spatial
planning rethinks contemporary urbanization, putting together economic competitiveness and
socio-ecological sustainability toward socially cohesive and morphologically continuous cities [22].
Specific territorial characteristics—such as restricted land availability due to physical constraints,
i.e., topography, a factor common to Barcelona, Rome and Athens—should be finally considered in
any strategy of urban containment [49,51,52]. Complex causes and consequences of sprawl make
the most traditional models investigating the distribution of population and land-use along urban
gradients hardly applicable to rapidly evolving cities. The integration of exploratory data analysis
and econometric techniques overcame the intimate complexity of Mediterranean urban gradients,
revealing peculiar socioeconomic contexts and specific form–function relationships at local scale.
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